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The focus of the presented experimental research is to examine the fundamental 
physics and chemistry of electron-stimulated reactions upon adsorbate covered single 
crystal surfaces.  Specifically, condensed SiCl4 on the Si(111) surface and condensed 
H2O on the TiO2 (110) surface have been studied.  By varying adsorbate film thicknesses, 
the coupling strength of the electron target molecule to the substrate and surrounding 
media dictates the progression of the electron induced reactions.  To investigate the 
electron interactions with SiCl4 on the Si(111) surface, a multilayer to monolayer 
approach was taken.  Experiments measuring the electron stimulated desorption (ESD) of 
fragment cations are discussed in Chapter 3.  ESD of neutrals was performed on a 
multilayer (100 ML) coverage of SiCl4 and is discussed in Chapter 4.  These experiments 
remove the influence of the silicon substrate on the electron induced dissociative 
processes that are monitored via time of flight mass spectrometry (ToF-MS).  The results 
in Chapter 3 and Chapter 4 have been published in Surface Science 593 (2005) 173 and 
in the Journal of Chemical Physics 124 (2006) 164702, respectively.  Results from 
electron induced reactions within thin films of SiCl4 are presented in Chapter 5.  In the 
low coverage region, the cation and neutral desorption channels are monitored 
simultaneously, and the adsorbate coupling strength to the silicon substrate is 
substantially greater.  This affects the desorption yields and the autodetachment 
probability of the transient negative ion (SiCl4-).   
Chapters 6 – 8 discuss work that focuses on the electron-stimulated reactions 
within the H2O/TiO2 system.  A discussion of the interactions of H2O with the TiO2(110) 
 xvi
surface is presented in Chapter 6.  The transition metal oxide surface is comprised of 
acidic and basic water adsorption sites along with intrinsic surface defects where surface 
oxygen atoms are missing.  These surface defect sites significantly influence the 
interactions of water with the TiO2 surface and consequently, govern much of the surface 
chemistry.  Studies on electron induced oxidation of the TiO2(110) surface and sputtering 
of H2O from the TiO2(110) surface are discussed in Chapter 7 and Chapter 8, 
respectively.  The water interactions with the TiO2 surface are revealed through the 
strong electron induced reaction dependencies on the amount of water present on the 
surface.  Summarizing remarks and conclusions are presented in Chapter 9.  Chapters 5, 










The objective of this research is to investigate the fundamental physics and 
chemistry of electron stimulated reactions upon adsorbate covered single crystal surfaces.  
This includes the initial inelastic electron scattering event that induces adsorbate 
decomposition into reactive fragment species that desorb, react with neighboring 
adsorbates, or react with the surface.  More specifically, the experiments involve varying 
adsorbate film thicknesses to elucidate adsorbate coverage and substrate induced effects 
upon electron initiated reactions.  Enhancement or suppression of electron stimulated 
surface reactions can be governed by whether the initial excitation occurs within the 
substrate, at the substrate-adsorbate interface, or within the bulk of the adsorbate film.  
Along with where the initial excitation occurs, the total film thickness determines the 
adsorbate target’s coupling strength to the surface.  Inevitably, these interactions dictate 
the excitation cross-sections, branching ratios for energy dissipation, and if dissociative, 
the escape probability from the surface.   
The experimental results presented in this thesis is a culmination of experiments 
performed at the Georgia Institute of Technology and the Pacific Northwest National 
Laboratory which includes condensed SiCl4 on the Si(111) surface and condensed H2O 
on the TiO2 (110) surface, respectively.  Both adsorbate-substrate surface interfaces are 
model experimental systems and technologically relevant.  Understanding the electron 
initiated non-thermal chemistry on each adsorbate-substrate system is pertinent for the 
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future developments in nanoscale plasma processing strategies and novel electrocatalytic 
electrode materials.   
In addition, low energy electrons also stimulate chemistry at the adsorbate-
substrate interface and in the thin adsorbate films consequent to high energy radiation 
bombardment.  This is a result of the copious number of low energy secondary electrons 
that are generated during ionization events.  These electrons must undergo inelastic 
scattering processes which include electron attachment.  Electron attachment resonances 
that lead to dissociation are general and prevalent within the electron energy range of 1 – 
20 eV which overlaps with secondary electron production distributions.  Thus, the 
effective cross-section for chemical reactions due to electron attachment can be greatly 
enhanced.  It has been shown that these resonances survive in thin films and the 
condensed phase [1].  Inelastic scattering of low-energy electrons and electron attachment 
resonances are discussed though much of this work, and a brief review is provided here.   
A general diagram of some of the interactions that occur during electron 
scattering in this secondary electron energy range is presented in Figure 1.1(a).  As an 
incident electron collides with a molecule (AB), pathways include:  1) elastic scattering, 
2) inelastic scattering, 3) dissociation into neutrals, 4) dissociation into ground and 
excited state neutrals, 5) ionization of the parent molecule, 6) dissociation into a neutral 
and cation, 7) dissociation into an excited state neutral and cation, 8) ion-pair formation, 
and 9) electron attachment forming a transient negative ion (TNI).  A summary of several 
of the important decay pathways of transient negative ions are shown in Figure 1.1(b).  
These include:  1) detachment without transfer of energy, 2) detachment leaving the 
neutral molecule in a rotationally and vibrationally excited state, 3) detachment leaving 
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the neutral molecule in an electronically, rotationally, and vibrationally excited state 
which can further dissociate, 4) dissociation producing a neutral and an anion, 5) 
dissociation producing an excited state neutral and an anion, 6) energy transfer that 
stabilizes the TNI, and 7) ionization through electron emission [2-4].   
 
 
e  + AB-
AB + e-
AB* + e-
A + B + e-
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Figure 1.1  a) Possible processes that result from an electron collision with a target 
molecule, AB.  b) Dissociation and energy dissipation pathways of the transient negative 
ion (TNI) created by electron attachment to AB.  The labeled processes in each schematic 
are described in the text. 
 
 
Transient negative ion resonances result when the ground or excited electronic 
states of molecular collision partners temporarily capture an incident electron during the 
electron-molecule collision.  The simplest TNI is produced when the incident electron is 
trapped by the centrifugal potential arising from the interaction between the incident 
electron and the neutral molecule in its ground electronic state.  These are referred to as 
single particle shape resonances.  Shape resonances usually lie at energies above the 
 3
potential energy surfaces of the neutral molecule ground states.  These resonances 
typically decay via autodetachment leaving the neutral molecule vibrationally and 
rotationally excited or via dissociative electron attachment (DEA) which involves the 
formation of anionic and neutral fragments.  Shape resonances can also involve electronic 
excitations, and these core-excited shape resonances involve an attractive interaction 
between the incident electron and the excited state of the target molecule.  Since the 
potential barrier is strongly dependent on the angular momentum value of the excited-
state orbitals, resonances with p-, d- and f- wave character are expected.  These 
resonances also lie above the neutral excited state energies and decay by autodetachment 
or DEA. 
Another type of core excited resonance is referred to as a Feshbach (Type-I) 
resonance.  This involves coupling of the kinetic energy of the captured electron to 
nuclear motion.  If the incident electron excites a valence or shallow core level, a 
dynamic polarization is produced, and the electron can be temporarily trapped in the field 
of the excited target molecule.  Electron correlation and reduced screening allows the 
incoming electron to couple to the excited electron and slightly positive core producing a 
one-hole, two-electron core-excited Feshbach resonance.  These resonances lie below the 
corresponding excited states (i.e. they have a positive electron affinity).  The energy 
gained in this correlation is referred to as the Feshbach decrement and is typically ~0.5 
eV.  As depicted in Figure 1.2, the transition is typically mediated by Frank Condon 
factors and the cross section is mediated by lifetimes against autodetachment and 
dissociative attachment [5].  The negative ion fragments are often produced with an 
excess kinetic energy which can be partitioned into reactive scattering events with 
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coadsorbed molecules or surface terminal groups.  As illustrated in Figure 1.2, 
conservation of energy and momentum yields the most probable kinetic energy of the 
departing anion fragment, EK-, as: 
EK- = (1−β) [ε + EA (B) – D (AB) − Εn] (1.1) 
where β is the ratio of the mass of B- to that of AB, ε is the captured electron’s energy, 
EA (B) is the electron affinity of B, D (AB) is the bond energy of AB and  Εn is the 
internal excitation energy of the fragments [6].  It is apparent that DEA favors the loss of 





























Figure 1.2  Diagram of potential energy surfaces that are involved with dissociative 
electron attachment.  Upon excitation, the vertical lines represent the Franck-Condon 
region while the horizontal lines represent the region where electron autodetachment can 
occur. 
 
The effects of the condensed phase on the DEA and TNI resonances have been 
studied and several aspects are well understood.  Specifically, the DEA and TNI 
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resonances can be drastically altered due to third body interactions that open pathways 
for energy dissipation [7-10].  These interactions can have an effect during the lifetime of 
the TNI as well as alter products after the TNI dissociates.  Most notably, dissociation 
from the low energy shape resonances is suppressed while dissociation from the 
Feshbach resonances can be enhanced by the surrounding medium.  Although there is no 
detection of anions from the low energy shape resonance, dissociation could still occur 
where the products simply do not gain sufficient kinetic energy to escape the surface 
potential.  Mechanisms for enhancement in dissociation can be explained by the effects of 
the medium on the electron autodetachment probability.  One mechanism for dissociation 
enhancement through the Feshbach resonance is the lowering in energy of the anionic 
potential energy surface via the substrate and surrounding medium polarization 
interaction [11].  Due to the lowering of the ionic state potential, the wavepacket spends 
less time traversing the TNI potential, thus lowering the autodetachment probability.  
Another explanation for enhanced dissociation in the condensed phase is the more 
efficient conversion of an open channel resonance into a Feshbach resonance due to 
interactions with the medium [11].  An open channel resonance lies higher in energy than 
the Feshbach resonance and only requires a one electron transition to return to the 
associated neutral molecule compared to the two electron transitions needed for the 
Feshbach resonance.  The electron autodetachment probability is higher for the one 
electron transition compared to the two, thus the Feshbach resonance is more probable to 









2.1  Introduction 
 
Low-energy electron interactions with molecular targets, condensed molecular 
solids, and adsorbates are of fundamental and technological importance.  For example, 
the inelastic scattering of low energy electrons is important in i) the formation of 
planetary atmospheres [12, 13], ii) radiation damage of materials and biological systems 
[14, 15], iii) possibly the destruction of the ozone layer [16], and iv) electron beam based 
processing/ patterning strategies.  In the latter case, low-energy electron interactions with 
molecules containing halogens are of particular concern since these molecules are often 
used in plasma and electron-beam processing of substrates and interfaces important in 
electronic devices and are regulated due to their negative impact on the environment.  We 
have therefore studied silicon tetrachloride as the target molecule due to its frequent 
usage in halogen based plasma etching of silicon and is also relevant to understanding the 
details of Cl interactions with Si surfaces.   
There have been a substantial number of experimental and theoretical studies on 
electron interactions with gas-phase SiCl4.  In summary, elastic integral cross-section 
calculations for electron collisions with SiCl4 have been performed [17] which are in 
reasonable agreement in magnitude above 50 eV with measurements of the absolute total 
electron scattering cross-section from 0.3 eV – 4 keV [18].  Electron-impact ionization 
studies observing singly and doubly charged fragments revealed that dissociative 
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ionization is dominant from the low energy thresholds near 20 eV to 900 eV [19].  
Concentrating on the low electron energy regime (0 – 40 eV), calculations of the integral 
elastic, differential elastic, and rotationally inelastic cross-sections were conducted [20].  
These calculations are in reasonable agreement with experimental total cross-sections 
from electron transmission spectroscopy where structure in the 0 – 10 eV region was 
observed due to negative ion states [18, 21].  Dissociative electron attachment (DEA) 
resonances have also been observed in the Cl- ion yield in the 0 – 10 eV region [22-24].   
Few reports regarding electron or photon interactions with solid molecular silicon 
tetrachloride have been published.  There have been photon-stimulated desorption (PSD) 
measurements of multilayer SiCl4 films investigating cation fragment desorption from K-
edge excitation [25, 26], as well as cation fragment desorption [27-29] and Cl- desorption 
[30] from Si(2p) and Cl(2p) core level excitations.  These high energy transitions 
populate antibonding and Rydberg levels that are relevant to low energy interactions with 
the molecular solid; however, the desorption mechanisms producing the ionized 
fragments involve deep core level Auger decay processes that do not occur in our low 
energy experiments.  Other experiments at low coverages (1 – 2 monolayers) of SiCl4 
condensed on Si(100) have been conducted which include detection of SiClx+ fragments 
and the coverage dependence of Cl- and Cl+ from ESD at 150 eV [31].  From additional 
experiments at monolayer coverages but low incident electron energies, structure in the 
Cl- yield at 11 eV was attributed to DEA [32] which agrees with gas phase measurements 




2.2  Electronic Structure 
 
In order to obtain a comprehensive understanding of the results presented in the 
next few chapters, a brief description of the electronic structure of condensed silicon 
tetrachloride is necessary.  The ground state electronic configuration of an isolated silicon 
tetrachloride molecule is (6a1)2(6t2)6(7a1)2(7t2)6(2e)4(8t2)6(2t1)6.  From photoelectron [33, 
34] and photoabsorption [35-37] measurements as well as multiple-scattering Xα and 
discrete variational Xα calculations [38-40], a general synopsis of the occupied and 
unoccupied molecular orbitals of SiCl4 relevant to our experiments is illustrated in Figure 
2.1.  In this figure, the energy range derived from the available experimental and 
theoretical gas phase values are referenced to the vacuum level and listed on the left.  The 
highest occupied levels are the 2t1 (12.1 eV), 8t2 (12.9 eV), and 2e (13.5 eV) non-bonding 
orbitals; the 7t2 (14.8 eV) and 7a1 (17.7 eV) bonding orbitals; and the 6t2 (25.1 eV) and 
6a1 (26.7 eV) inner valence orbitals [40].  The unoccupied antibonding levels are 
designated as 9t2 (5.0 eV) and 8a1 (6.6 eV) and there are multiple levels between the 9t2 
and the vacuum level which possess Rydberg character [39].  Experimentally, the 11t2 
and 10t2 were assigned to the same transition [39].  The center portion of the figure 
contains a juxtaposition of the redrawn total electron yields from gas phase [33] and 
condensed phase [28] photoelectron experiments.  As SiCl4 condenses, the molecular 
orbital energy levels do not shift though there is broadening.  Although broad and weak, 
the Rydberg along with the 9t2 and 8a1 valence transitions are preserved in solid SiCl4 as 
indicated by Si 2p core-level photoabsorption; however, the transition to the 3e state does 


































Gas Phase      Condensed Phase
 
Figure 2.1  Schematic of the energy level diagram of SiCl4 multilayers referenced to the 
vacuum level.  The range of values on the left incorporate experimental and theoretical 
values from Tse et al. [39] for unoccupied levels, and averaged experimental data from 
Carlson et al. [33] and Green et al. [34] and theoretical values from Ishikawa et al. [40] 
for occupied levels.  The SiCl4 photoelectron data was traced from gas phase experiments 





2.3  General Experimental Approach 
 
The experimental set-up involves a custom designed ultra-high vacuum (UHV) 
chamber with a 3×10-10 Torr base pressure which is depicted in Figure 2.2.  The substrate 
is the (111) face of a n-type silicon single crystal mounted to a liquid nitrogen cooled 
rotatable cryomount.  The temperature of the silicon crystal can be varied from 110 – 
1320 K via thermal contact with liquid nitrogen and resistive heating.  The temperature is 
monitored with a type-K thermocouple shrouded in tantalum foil clipped to the front face 
of the substrate.  The chamber is equipped with a quadrupole mass spectrometer (QMS) 














Figure 2.2  Depiction of the UHV chamber where experiments were performed.  All 
cations and ionized neutrals are detected using the ToF-MS, and TPD experiments were 
conducted with the QMS.  In the blow up, Cl(2P3/2) and Cl(2P1/2) REMPI and nonresonant 
Si and SiCl ionization occurs at X. 
 11
narrow energy dispersion oriented 45˚ relative to the silicon surface, and a time of flight 
mass spectrometer (ToF-MS).  The ToF-MS is mounted directly below the substrate 
where intrinsic desorbing cations are detected, as well as neutrals ionized via resonance 
enhanced multi-photon ionization (REMPI). 
In order to detect the neutral fragments, we routinely utilize REMPI/time-of-flight 
spectrometry [42-46].  A diagram of the ToF-MS and pulse sequence that we utilize is 
shown in more detail in Figure 2.3.  Since we use a pulsed electron beam, varying the 
delay time between the electron-beam pulse and the focused laser beam allows us to map 
out a quantum resolved velocity distribution of the desorbing neutrals.  Typically all 
desorbing ions are removed by an initial pulsed extraction field followed by ionization of 
the neutrals under constant field conditions.  The detection sensitivities of this 
arrangement are ~106 atoms/quantum state/cm3 [47].   
In general, a plume of desorbates containing both neutrals and ions is created as a 
result of electron interactions with the target substrate.  A negative potential extraction 
pulse is applied immediately after the electron beam pulse that extracts all cations from 
the sample region while neutral species are left in their desorbing trajectories with their 
initial kinetic energy.  Detection of neutral desorbates can then be accomplished by 
focusing a tunable pulsed laser above and parallel to the surface region.  To ionize the 
ground and excited state atomic chlorine species, the Cl(4p 2D3/2  3p 2P3/2) at 235.336 
nm and Cl(4p 2P1/2  3p 2P1/2) at 235.205 nm (2 + 1) REMPI schemes were used, 
respectively [48, 49].  To create the photons for these transitions, we used the visible 
output of a Nd:YAG pumped Master Oscillator/Power Oscillator (MOPO) which is then 
doubled using a beta Barium Borate (β-BBO) crystal.  Approximately 0.4 mJ/pulse of the 
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laser light was directed and focused to a point ~ 1 mm over the silicon substrate.  To 
measure the neutral ESD yields as a function of incident electron energy the laser pulse 
was kept constant in time relative to the end of the electron pulse.  A wide electron pulse  
 


























Figure 2.3  Diagram of the REMPI/ToF-MS experiment with the pulse sequence used for 
the detection of neutral species from electron stimulated processes on condensed 
molecular films.  The pulsed nature of the experiment allows the measurement of 




was used ensure all neutrals with variable velocities are present in the ionizing laser field.  
The velocity distributions of the neutrals were measured by delaying the laser pulse 
relative to the electron pulse.  In this case, a narrow electron pulse was used to select 
neutrals with specific velocities to be ionized.  The ESD yields of cations are measured 
without the presence of the laser pulse. 
Before depositing SiCl4 multilayers on the silicon substrate, liquid silicon 
tetrachloride (99.998% pure) was degassed using multiple freeze-pump-thaw cycles.  The 
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silicon substrate was degassed followed by removal of the oxide layer.  Prior to each dose 
of SiCl4, the silicon surface was cleaned and annealed by multiple cooling-heating cycles 
which involved cooling to 120 K, slowly heating to 1300 K, re-cooling to 120 K, and 
then flash heating to 1100 K.  These cycles annealed the Si(111) after SiCl2 removal at 
[50-52] at 1100 K and minimized remnants of chemisorbed Cl atoms and background 
contaminants on the surface.  Multilayers of SiCl4 ( ~100 monolayers) were deposited by 
directionally dosing the vapor at 1.0×10-7 Torr for 15 min with a backing pressure of 
approximately 2 Torr.  The sample temperature was kept below 110 K to achieve a 




ELECTRON-STIMULATED DESORPTION OF CATIONS FROM SILICON 





3.1  Introduction 
 
Though electron scattering [18, 19, 23, 39] and recently photodissociation with 
synchrotron radiation [53] has been studied with gas phase SiCl4, relatively little 
information exists regarding electron scattering with condensed multilayers of this non-
polar molecule.  Work on the electron-stimulated desorption (ESD) of Cl+ from SiCl4 
monolayers [31, 32] and photon-stimulated desorption (PSD) of cations from SiCl4 
multilayers [29, 30] have been reported.  These previous studies [29-32] demonstrated 
that i) intermolecular multilayer adsorbate interactions are limited, ii) ESD from the 
monolayer regime was much more efficient and iii) the electronic structure does not 
change dramatically when comparing the gas and condensed phases.  Despite the 
desorption measurements mentioned above, there have been no measurements of the 
threshold energies and branching ratios of all of the possible cationic products.  This 
information is necessary for a detailed understanding of the states and mechanisms 
governing cationic ESD and PSD from SiCl4 multilayers.  In this chapter, a detailed study 
of the ESD of cations from multilayers of SiCl4 adsorbed on Si(111) is reported.  We 
concentrate on measurements of threshold energies and discuss the probable electronic 
processes governing ESD. 
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3.2  Experimental Details 
 
In order to measure threshold values, ESD data of cations were taken by stepping 
the incident electron energy from 1 to 50 eV in 1 eV increments.  Collection efficiency 
was maximized by grounding the substrate and applying a -255 V, 100 μs extraction 
pulse to the ToF-MS entrance grid immediately after the electron pulse.  Due to the likely 
possibility of charge buildup in the SiCl4 multilayer, low electron fluxes (3.64×1010 e-
/pulse cm2) were maintained throughout the experiments by using 400 ns pulses at 500 
Hz.  The use of such short electron pulses minimized surface charging during the pulse 
and the frequency allowed complete discharging between pulses. 
The temperature of the sample was variable from 110 – 1200 K and monitored 
using a type-K thermocouple clipped to the front face of the sample.  TPD experiments 
were carried out using a heating rate of 1.5 K/s and the desorbing neutrals were detected 
with the ionizer/QMS assembly.  Note that the TPD data was obtained in a multiplex 
mode which allowed simultaneous monitoring of several masses. 
 
3.3  Results 
 
3.3.1  TPD and coverage measurements 
 
An example of the TPD spectra used to determine the multilayer coverage is 
shown in Figure 3.1.  The filled circles in the figure and the inset represent the data 
obtained from the Si+ ion which is from the cracking of SiCl4(g) in the QMS ionizer.  The 
 16
inset figure demonstrates the multilayer and the monolayer desorption of SiCl4 in the low 
coverage regime.  The solid and dashed lines are fits to the multilayer and monolayer  
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Figure 3.1  Temperature programmed desorption (TPD) spectra of SiCl4 adsorbed on a 
Si(111) substrate taken in a multiplex mode which allowed simultaneous monitoring of 
several masses.  The filled circles in the figure represent data obtained using the Si+ ion 
produced from cracking of SiClx(g) in the QMS ionizer.  This provides a convenient 
signature of SiCl4 desorption.  The open triangles (inset) represent the signal from the 
SiCl4+ parent ion peak indicating molecular adsorption. The SiCl4+ and Si+ features near 
150 K in the inset are from the desorption of the monolayer in the low coverage regime.  




desorption features, respectively.  The open triangles within the inset represent the signal 
from the SiCl4+ parent ion peak indicating molecular adsorption. The SiCl4+ and Si+ 
features near 150 K in the inset are from the desorption of the monolayer in the low 
coverage regime.  The multilayer feature for high coverage is shown in the main figure 
and is peaked at 148 K.  The low coverage multilayer peak shown in the inset is peaked 
at 138 K.  The shift of the leading edge to higher temperature (relative to the onset of the 
multilayer feature in the inset) is indicative of zero order desorption kinetics which is 
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typical for desorption of weakly interacting overlayers.  The overall coverage which the 
experiments were carried out was ∼100 ML.  This was determined by integrating the 
multilayer desorption peak then dividing that value by the area under the monolayer peak.  
At such thicknesses, substrate effects are minimized and only condensed SiCl4 
intermolecular interactions need to be considered. 
 
3.3.2  Threshold data 
 
Figure 3.2 illustrates the yields of electron-stimulated desorption products 
(cations) as a function of the incident electron energy.  In Frame A,  the dominant product 
is Cl+ (filled circles) and the yield has been divided by a factor of six compared to the 
other ions including Si+ (filled triangles), SiCl+(empty triangles), SiCl2+ (filled squares), 
and SiCl3+ (empty diamonds).  It can be seen that there is structure in the Cl+ data which 
is not present or apparent in any of the other channels.  
Over this incident electron energy range, SiCl+ and SiCl3+ have comparable yields 
whereas the SiCl2+ and Si+ yields are smaller relative to the other ions.  In addition, there 
appears to be a distinct threshold for these sets of products.  At ∼17 eV, Cl+ and SiCl3+ 
are the only observable ions.  This is true until 24 – 25 eV where Si+, SiCl+, and SiCl2+ 
begin to desorb.  To clearly show the two distinct desorption thresholds which are 
represented in Frame B of Figure 3.2, the SiCl3+ yield was normalized to the Cl+ yield 
and the Si+ and SiCl2+ yields were normalized to the SiCl+ yield.  This normalization 
procedure clearly delineates the difference between groups of ions that desorb at each 
threshold and assists in the assignments of the different ESD mechanisms. 
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Figure 3.2  Frame A: ESD cation yields as a function of incident electron energy.  In 
both plots, cations are represented as follows:  Si+ (▲), Cl+ ( ), SiCl+ ( ), SiCl2+ ( ), 
SiCl3+ ( ).  Note the Cl+ ion yield was divided by a factor of six.  Frame B: A more 
detailed view of the threshold region.  Note the SiCl3+ was normalized to the Cl+ yield 
while Si+ and SiCl2+ were normalized to SiCl+.  This delineates the separation of cations 




The Cl+ and SiCl3+ ions desorb at 17 eV while Si+, SiCl+, and SiCl2+ desorb at 24 
- 25eV.  Similar to condensed phase, ion thresholds from photoionization and electron 
scattering of SiCl4(g) occur in this incident electron energy range along with structure in 
the dominant channel around 25 eV.  In the gas-phase, SiCl4+, doubly charged ions, and 
molecular chlorine ions are observed. [19, 54]  None of these products have been 
observed in stimulated desorption studies of  SiCl4 monolayer or multilayers [30, 32].  
The disappearance of these ion channels in desorption studies is not surprising since the 
departing ions must gain sufficient energy to overcome many body interactions, high 
trapping probability, and electron-ion recombination.  This typically requires Coulomb 
repulsions and multi-hole states.  
 
3.4  Discussion 
 
3.4.1  Low-energy threshold 
 
According to Figure 2.1, the 17 eV threshold for Cl+ and SiCl3+ ESD can be formed 
by direct ionization from the 7t2 and 7a1 bonding levels.  A localized hole produced in the Si-
Cl bond from direct ionization from the 7t2 and 7a1 bonding levels can produce a highly 
excited state that can decay into either SiCl3 + Cl+ or SiCl3+ + Cl.   This is shown 
schematically in Figure 3.3 and as mechanism 1 in Figure 3.4.  The production of two-hole 
states and Auger processes are less likely at 17 eV than direct single particle excitations.  We 
have also observed that the yield of Cl+ and the overall slope of this product is much larger 
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than the yield and slope of SiCl3+.  This could be due to the dominance of Si-Cl bonds at the 
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Figure 3.3  Possible low and high energy decomposition pathways of single and doubly 




3.4.2  Resonance structure 
 
The Cl+ curve increases to 25 - 26 eV then begins to level off as shown in Frame 
A of Figure 3.2.  This feature can be explained by direct transitions to the antibonding 9t2 
and 8a1 levels from the 6t2 and 6a1 levels.  These are resonant transitions with an 
expected onset energy of ∼22 eV, a peak transition probability around 25 - 26 eV, as 
observed.  The yield then levels at 32 eV since the transitions are no longer resonant.  
Since the 9t2 and 8a1 excited states are dissociative and holes in the deep 6t2 and 6a1 
levels can be filled by Auger processes, these transitions should produce Cl+ directly, but 
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Figure 3.4  Illustration of potential electronic desorption mechanisms.  Mechanism 1 and 
2 demonstrate direct ionization from the 7a1 level into the vacuum as well as the creation 
of a dissociative excited state from the 6t2 level.  These direct excitation mechanisms 
explain the low energy threshold and the resonance structure in the Cl+ ion yield, 
respectively.  Mechanism 3 demonstrates an example of a 2-hole state created by Auger 
decay. Note there are several possible 2-hole and 2-hole, 1-electron states that can be 






mechanism 2 in Figure 3.4.  It is also very similar to some states implicated in the ESD of 
Cl+ from Si(100) and Si(111) [55-59].  We observe the resonant structure mainly in the 
Cl+ yield curve, with little evidence of structure in the other channels.   
 
3.4.3  High-energy threshold 
 
The thresholds for the other ESD products, (i.e. Si+, SiCl+, and SiCl2+ ) all appear 
at an incident electron energy of ∼25 eV.  This energy is correlated with direct ionization 
from the 6t2 and 6a2 inner valence molecular orbitals.  These can Auger decay and 
produce several different 2-hole states.  The most plausible Auger processes may proceed 
by a 25 eV incident electron producing a hole in the 6t2 or 6a1 inner valence levels, which 
induces a shake off from the 8t2 orbital then ejection of an adjacent electron in the 8t2 or 
2t1 levels.  SiCl+, SiCl2+, and Si+ ions can then be produced via Coulomb explosion of the 
doubly ionized parent SiCl4+2.  This is shown as mechanism three in Figure 3.4.  As the 
incident electron energy is increased to 50 eV, all ESD cations increase steadily because 
of an overall increase in the ionization cross section and an increased contribution of 
multi-electron excitations.   
 These complicated multielectron transitions could also involve the production of 
Cl+ and vibrationally excited SiCl3+.  The latter species can then undergo unimolecular 
decomposition forming the Si bearing ions as already discussed.  The relative signal 
intensities may also be governed by the favorable energetics associated with a molecular 
elimination step forming Cl2. This could explain the relatively large signal strength of 
SiCl+ compared to Si+ and SiCl2+.  These reaction pathways are depicted in Figure 3.3. 
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3.5  Conclusion 
 
Low energy (5 - 50 eV) electron stimulated desorption of Si+, Cl+, SiCl+, SiCl2+, 
and SiCl3+ has been observed from multilayers of SiCl4 adsorbed on a Si(111) surface.  
Two threshold energies are observed in the cation yields as well as resonance structure in 
the Cl+ yield.  The low energy threshold at 17 eV that produces Cl+ and SiCl3+ can be 
assigned to direct ionization of the 7t2 and 7a1 bonding orbitals and possible unimolecular 
decay of the resulting highly excited parent ion.  The resonant structure between 22 - 32 
eV can be associated with resonant transitions from the 6t2, 6a1 to the antibonding 8a1 or 
9t2 levels followed by Auger decay.  The threshold near 25 eV was observed for all other 
ESD products (i.e. Si+, SiCl+, and SiCl2+).  We tentatively correlate this threshold with 
direct ionization of the 6t2 and 6a1 levels which then decay to form several 2-hole states.  
All resultant 2-hole, 1-electron final states Coulomb explode yielding primarily Cl+ 




LOW-ENERGY ELECTRON-STIMULATED DESORPTION OF NEUTRALS 





4.1  Introduction 
 
In the case of condensed SiCl4, the desorbing ions produced by low-energy 
electrons must escape charge transfer to neighbors in the molecular solid, the surface 
potential, and reactive scattering processes.  These channels produce neutral species 
which may have enough kinetic energy to leave the surface.  Although the neutral yields 
resulting from low-energy electron induced processes can be complicated due to multiple 
decay mechanisms, neutral detection is necessary to fully understand the desorption 
process [5].  Single-photon ionization [60] and REMPI [61] have been used to detect 
neutrals desorbed during the etching of Si(100) by molecular Cl2.  To date there have 
been no studies that concentrate on the ESD of neutral species from multilayers or 
monolayers of adsorbed silicon tetrachloride. 
 
4.2  Experimental Details 
 
Using the experimental setup described in Chapter 2, time of flight distributions 
and yields versus incident electron energy measurements were performed to provide 
information concerning the production and decay mechanisms of excited parent states.  
Time of flight distributions of the desorbing neutrals were taken by delaying the laser 
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pulse relative to the falling edge of the electron pulse.  To record the velocity distribution, 
the electron pulse (200 ns) and the laser step increments (200 ns) were kept as small as 
possible while still obtaining a measurable amount of ions.  In order to measure threshold 
values, ESD data were taken by stepping the incident electron energy from 1 to 50 eV in 
1 eV increments while maintaining a constant electron pulse to laser pulse delay of 200 
ns.  To integrate over the entire velocity distribution, 15 μs electron pulse widths were 
used.  All data points correspond to the integrated area below each specific mass peak, 
except the chlorine data, which are represented by only the 35 amu isotope. 
Due to the possibility of charge buildup in the SiCl4 multilayer during these 
experiments, low electron fluxes (time averaged 7.29×108 and 5.47×1010 e-/s cm2) were 
used during velocity distribution and threshold measurements, respectively.  The use of 
short electron pulses minimized surface charging during the pulse and the frequency (20 
Hz) allowed discharging between pulses. 
 
4.3  Results 
 
4.3.1  Incident electron energy dependence 
 
Our measured neutral Cl(2P3/2) and Cl(2P1/2) yields are presented versus incident 
electron energy (1 – 50 eV) in Figure 4.1.  To demonstrate that there is essentially no 
nonresonant ionization of neutral chlorine, the off resonance neutral chlorine yield is also 
plotted.  This measurement was taken when the photon energy was between the ground 
and excited chlorine REMPI transitions; i.e. at 235.270 nm.  For the sake of comparison, 
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the y-axes were offset, and the Cl(2P1/2) yield was normalized to the Cl(2P3/2) yield at 50 
eV by a multiplying factor of 5.8. 
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Figure 4.1  Plot of neutral atomic chlorine yields Cl(2P3/2)( ), Cl(2P1/2)( ), and chlorine 
from an off resonance wavelength( ) versus incident electron energy.  The zeros shown 
by grey dashed lines have been offset for comparison.  Error bars verify the structure and 




There is a considerable amount of neutral atomic chlorine in the ground 2P3/2 
state, as well as, a measurable amount of spin-orbit excited 2P1/2 chlorine desorbing due 
to electron impact of condensed SiCl4 multilayers.  The ground state Cl(2P3/2) data 
contains two sharp features at 10 and 14 eV with a broad feature from approximately 22 
to 32 eV.  Cl(2P3/2) has an appearance threshold at 6 – 7 eV from which there is a 
monotonic increase of the baseline upon which the 10 and 14 eV features are 
superimposed.  The Cl(2P1/2) plot has similar features at 7 – 11 eV, as well as a broad  
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Figure 4.2  Plots of the neutral yields of Cl( ), Si( ), and SiCl( ) versus incident 
electron energy.  The data was taken utilizing (a) the Cl(4p 2D3/2  3p 2P3/2) REMPI 
transition, (b) the Cl(4p 2P1/2  3p 2P1/2) REMPI transition, and (c) an off resonance 
excitation.  The zeros shown by horizontal grey dashed lines have been offset for 
comparison.  Error bars of selected data points verify the structure and the grey solid lines 
guide the eye.  Plots are normalized at 50 eV with the multiplicative normalization 
constant labeled. 
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feature from 23 to 27 eV.  Although the Cl(2P1/2) is normalized for relative comparison, 
the total yield is an order of magnitude smaller in the low energy region, and there is not 
a detectable feature at 14 eV. 
Silicon and silicon chloride ions are also produced nonresonantly due to the 
presence of the laser.  This nonresonant ionization is compared to the resonant ionization 
of Cl(2P3/2) and Cl(2P1/2) in Figures 4.2(a) and 4.2(b), respectively.  Figure 4.2(c) 
illustrates neutral yields when the photon energy is not resonant with any transition of Cl, 
Si, or SiCl.  All spectra are normalized to the silicon data (the largest yield at 50 eV) in 
each section with the normalization multiplicative factor indicated.  There are many 
important aspects to note.  First, the 10 eV feature is present for all products except for 
off resonant atomic chlorine.  Second, when the photon energy is in resonance with the 
2D3/2 intermediate state in (Figure 4.2(a)), there is an enhancement of the 10 eV feature, 
appearance of the 14 eV feature, and a general rise in yield intensity for Cl(2P3/2), Si and 
SiCl at all incident electron energies compared to product yields in Figure 4.2(b) and 
4.2(c).  Third, the magnitudes of the 10 eV feature of Si and SiCl in the off resonance 
plot (Figure 4.2(c)) are comparable to the magnitudes of the same feature when the 
photon energy is in resonance with the 2P1/2 intermediate state (Figure 4.2(b)).  Not only 
is this feature comparable, but the overall incident electron energy dependent desorption 
structures from 0 – 50 eV are similar.  Finally, no other SiClx species were observed other 





4.3.2  Time of flight distributions 
 
In order to determine possible mechanisms and to gain an understanding of the 
origin of these neutral species, relative time of flight distributions were taken at specific 







































mtCtI  (4.1) 
 
The fitting procedure to the Maxwell-Boltzmann expression has been previously 
described [62].  Briefly, multiple components are fit to the time of flight data where C1 
and C2 are proportionality constants, m is the mass of the desorbing neutral fragment, d is 
the distance from the surface to the laser beam, T1 and T2 are effective temperatures, k is 
the Boltzmann constant, and t is the delay time between the electron and the laser beams. 
Figure 4.3 contains the ground state Cl(2P3/2) distribution data at 10 eV (top) and 
25 and 50 eV (bottom).  Figure 4.4 contains the excited state Cl(2P1/2) distribution data at 
50 eV (top) and an average of the Si ToF distribution (bottom) at 10, 25, and 50 eV.  In 
both figures, the dotted lines represent the thermal Maxwell-Boltzmann distribution with 
an effective temperature of 110 K.  The short dashed and dashed/dotted lines represent 
the highly energetic nonthermal component and a nonthermal intermediate component, 
respectively.  As discussed in more detail below, the long dashed lines in the Cl(2P3/2) and 
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Figure 4.3  Summation of multiple Maxwell-Boltzmann distributions (solid line) fit to 
Cl(2P3/2) ToF data taken at 10 eV( ) (top) and 25( ) and 50 eV( ) (bottom).  The 
dotted lines represent the thermal Maxwell-Boltzmann with an effective temperature of 
110 K.  The short dashed and dashed/dotted lines represent the highly energetic 
nonthermal component and a nonthermal intermediate component, respectively.  The 
long dashed lines are representative of possible contributions from photodissociated SiClx 




dissociation of SiClx precursors.  It is evident that the Cl(2P3/2) distributions at 25 and 50 
eV overlap and are bimodal with a narrow, fast peak at 0.5 μs and a broad, slow peak at ~ 
2.4 μs.  However, the chlorine distribution at 10 eV does not have the same structure that 
is seen in the 25 and 50 eV plots.  Rather, this ToF distribution is dominated by the fast 
peak with a much smaller contribution from a slow component.  Both plots in Figure 4.3 
contain identical energetic nonthermal components with a relative translational kinetic 
energy of ~425 meV corresponding to an effective temperature of 3287 K.  The Cl(2P3/2) 
distribution from 10 eV contains a contribution from an intermediate component at 405 K 
(~52 meV).  The intermediate component for the 25 and 50 eV distribution contributes 
less but is faster with an effective temperature of 665 K (~86 meV).  Both distributions 
contain thermal components at 110 K (~14 meV) and this thermal component contributes 
approximately four times more to the total distribution at 25 and 50 eV, relative to 10 eV.   
In the top portion of Figure 4.4, the Cl(2P1/2) distribution can be fit using three 
Maxwell-Boltzmann distributions.  However, this time of flight distribution is mostly 
composed of nonthermal components.  The effective temperature of the highly energetic 
nonthermal component is 4700 K having a kinetic energy of ~608 meV, the intermediate 
component is 800 K (~103 meV), and the thermal component is 110 K ( ~14 meV).  
When comparing the highly energetic nonthermal components of Cl(2P3/2) and Cl(2P1/2), 
the Cl(2P1/2) has a higher kinetic energy.  Since the Si ToF distributions are independent 
of incident electron energy, the average of the nonresonant silicon data at 10, 25, and 50 
eV is plotted in the bottom portion of Figure 4.4.  The silicon distribution is fit using 













































Ei = 50 eV
λ = 235.205 nm
λ = 235.366 nm
 
 
Figure 4.4  Summation of multiple Maxwell-Boltzmann distributions (solid line) fit to 
Cl(2P1/2) ToF data taken at 50 eV( ) (top), and an average of nonresonant Si ToF data 
taken at 10, 25, and 50 eV( ) (bottom).  The dotted lines represent the thermal Maxwell-
Boltzmann distribution with an effective temperature of 110 K.  The dashed and 
dashed/dotted lines represent the highly energetic nonthermal component and a 
nonthermal intermediate component, respectively.  The long dashed line is representative 
of possible contributions from photodissociated SiClx precursors.  In this fit, SiCl3 at 110 
K was used. 
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nonthermal component corresponds to an effective temperature of 370 K with a kinetic 
energy of ~47 meV, and again the thermal component is 110 K, ~14 meV.  Surprisingly, 
the kinetic energy of the nonthermal Cl(2P3/2) and Cl(2P1/2) components is an order of 
magnitude hotter than the nonthermal Si component. 
The data in Figures 4.3 and 4.4 were fit to the minimal number of components 
needed to adequately fit the short flight time region; however, at long flight times, the 
thermal distribution (dotted line) of Cl(2P3/2) and Si did not adequately match the data.  
This could be due to an asymmetric detection efficiency of off normal desorption 
trajectories and complicated interactions with phonons of the molecular solid.  In 
addition, heavy SiClx precursors that first photodissociate then are either resonantly or 
nonresonantly ionized in the laser field can contribute to the Cl or Si ToF distribution, 
respectively.  This would result in two aspects affecting the ToF distributions:  1) If these 
precursors desorb nonthermally, the Cl and Si fragments can contribute to the 
intermediate components of the Cl distributions and the nonthermal Si distribution.  2) If 
the precursors desorb with a thermal kinetic energy prior to photodissociation, this would 
explain the enlarged Cl and Si yields at long flight times.  The formation of possible 
SiClx precursors is thoroughly discussed below.  Although the specific precursor identity, 
desorption kinetic energy, and dissociation branching ratios are unknown, a Maxwell-
Boltzmann distribution of SiCl3 at 110 K (long dashed lines) was added to the Cl(2P3/2) 
and Si ToF distributions to demonstrate the good fit and the likelihood of this 
mechanism.  It is interesting to note that there are no contributions to the Cl(2P1/2) yield at 
long flight times which could indicate that the excited spin-orbit state of Cl is not 
produced from the photodissociation of SiClx. 
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4.4  Discussion 
 
4.4.1  Structure in ESD yields vs. electron energy 
 
4.4.1.1  Feature at 10 eV 
 
There is significant structure in the ESD yield of Cl(2P3/2), Cl(2P1/2) as well as Si 
and SiCl centered at 9 - 10 eV which is below the ionization potential of SiCl4 (12.1 eV).  
Below we describe several mechanisms that can give rise to this interesting structure.  
DEA can occur when the incoming incident electron interacts inelastically with either the 
2t1, 8t2, and 2e molecular orbitals thereby promoting an electron to a Rydberg level, or 
electron interaction with the 7t2 promoting an electron to the antibonding 9t2 orbital or 
9a1 Rydberg level.  The original incident electron can then be temporarily trapped in the 
antibonding or mixed valence/Rydberg levels, creating a core-excited negative ion 
resonance.  These are formally one hole, two electron Feshbach resonances.  These 
resonances and a qualitative representation of the potentials involved in the electron-
interactions with SiCl4 for energies below the ionization potential are shown in Figure 
4.5. 
As previously mentioned, resonances near 10 eV have been observed in electron 
scattering cross-section measurements [18] and electron impact measurements while 
monitoring atomic chlorine anions in both gas phase [22-24] and monolayer coverages of 
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Figure 4.5  Qualitative potential energy diagram of states available below the ionization 
potential of SiCl4.  The light grey shaded area is the region where autodetachment of the 
Feshbach resonances occur.  The light grey area with vertical lines represents dissociative 
excitonic states produced from autodetachment.  Potential energies for dissociative states 







dissociates into SiCl3(*) and Cl-.  In the gas phase, Moylan et al. [23] demonstrated that 
only Cl- was produced from DEA with no structure in the SiCl3- yield.  Though DEA 
resonances are generally preserved at surfaces of molecular solids, the importance of 
many body interactions and autodetachment can be enhanced in the condensed phase.   
Following DEA, the chlorine anion can retain much of the energy gained from the 
repulsive force in the excited state.  This excited anion can then undergo autodetachment 
or charge transfer to the surrounding medium before desorbing as a neutral chlorine atom.  
If chlorine atoms desorb via this process, they are expected to have a much higher kinetic 
energy relative to the thermal distribution.  As discussed in more detail later, this is 
consistent with the nonthermal velocity distribution dominant at the 10 eV resonance.  
Direct and indirect dissociation of the excited parent or molecular fragments can 
also occur when the electron autodetaches.  When the electron leaves, neutral SiCl4 can 
be left in various electronic and vibrationally excited states depending on the 
wavefunction overlap and the autodetachment lifetimes.  This process is illustrated as the 
grey region with vertical lines in Figure 4.5.  The excited neutral SiCl4 can dissociate into 
the neutral and possibly excited fragments:  SiCl3(*) + Cl(*) or SiCl2(*) + 2Cl(*). 
In addition, other processes that directly produce neutral chlorine occur near 10 
eV.  As shown in Figure 4.5, unimolecular dissociation into SiCl2* + 2Cl, SiCl + Cl2 + 
Cl, and SiCl2* + 2Cl at excitation energies of 9.9, 10.1, and 11.3 eV, respectively, have 
been reported [63-65].  These dissociative states along with another state [64] at 7.5 eV 
lie within the 10 eV structure and directly produce neutral atomic chlorine atoms in the 
ground state.  In the Cl(2P3/2) ESD data, there appears to be an increase in the baseline 
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that begins within the resonance at 10 eV.  This monotonic increase materializes below 
the IP and could be due to an overlap with the resonance centered at 14 eV. 
Although none of the mechanisms mentioned above produce neutral silicon 
directly, each of these precursors will likely fragment into Si+ and SiCl+ upon desorption 
and interaction with the laser field.  Decay pathways from the DEA resonances will 
produce vibrationally and possibly electronically excited SiCl3(*) which can further 
fragment to SiCl2(*) or SiCl(*).  The dissociative states at 7.5, 9.9, 10.1, and 11.3 eV 
produce SiCl2, SiCl2*, SiCl, and SiCl2* respectively [63-65].  Since these SiClx(*) species 
are produced concurrently with atomic chlorine, their fragmentation into neutral silicon 
and silicon chloride produces the similar structures as illustrated in the data of Figure 4.2.   
There have been no reports of Cl(2P1/2) production from these dissociative states 
or dissociation originating from the Feshbach resonance.  We suggest that the upper spin 
state of neutral chlorine is produced from Feshbach related dissociations via vibronic 
coupling.  In summary, we attribute the significant structure in the ESD yield of Cl(2P3/2), 
Cl(2P1/2), as well as Si and SiCl centered at 9 - 10 eV as products of several processes 
including DEA, direct and indirect dissociation via vibronic coupling, and unimolecular 
decay.   
 
4.4.1.2  Features above the ionization potential
 
Just above the ionization potential at 12.1 eV, there is a sharp feature in the 
Cl(2P3/2), Si, and SiCl yields at 14 – 15 eV shown in Frame A of Figure 4.2.  The 14 – 15 
eV feature could be due to the onset of states involving the 7a1 and 7t2 levels or 
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dissociative ionic states of SiCl4+.  These include direct ionization from the 7t2, excitation 
from the 7t2 to the 10a1, 11t2, and 10t2 Rydberg levels, or excitation from the 7a1 to the 
antibonding 8a1 or 9t2 and 9a1 Rydberg levels.  These transitions will generate excited 
states that autoionize to an ionic state or directly dissociate into neutral and cationic 
fragments.  The energetic states relevant to a 14 - 15 eV excitation are illustrated in 
Figure 4.6.  In the gas phase, the repulsive A2T2 and B2E states and the bound C2T2 state 
of SiCl4+ have been observed at 13.0, 13.5, and 15.3 eV, respectively [66, 67].  The 
parent SiCl4+ ion in the A2T2 and B2E states directly dissociate into SiCl3+ and Cl.  
Although bound, the C2T2 state completely decays via fluorescence to the A2T2 and the 
X2T1 state with a 4:1 ratio producing SiCl3+ + Cl and SiCl4+ which further fragments into 
SiCl3+ + Cl [66, 68, 69].  This process could occur nonradiatively in the condensed phase.  
From gas phase electron-impact ionization [19] and photoionization [70] measurements, 
the appearance energy of SiCl3+ is 12.5 eV.  There is a weak threshold for the ESD of 
SiCl3+ from condensed SiCl4 multilayers [71] at approximately 17 eV which correlates 
with these single hole states.  However, the primary states leading to SiCl3+ desorption 
are two-hole or two-hole, one-electron states, and these do not produce the amount of 
SiCl3+ necessary to account for our observed Si and SiCl yields at this incident electron 
energy.  Without the force from a two-hole Coulombic repulsion, the SiCl3+ produced 
from the dissociative ionic states could remain on the surface or be neutralized and 
desorb as SiCl3.  Thus, we suggest that the enhanced structure at 14 – 15 eV in the neutral 
yields is due to resonant dissociative ion states superimposed on the yield from direct 































Figure 4.6  Qualitative potential energy diagram of ionic states and dissociative neutral 
states available above the ionization potential of SiCl4.  The light grey shaded areas 
represent multiple states that produce Si + 4Cl and Si* + 4Cl.  Potential energies for ionic 







As the incident electron energy is increased, an abrupt increase in the yields of Si, 
SiCl, and Cl(2P1/2) occurs near 18 eV, and there is a broad feature centered at 
approximately 25 eV in the Cl(2P3/2) data in Figure 4.2.  Transitions leading to 
dissociation occurring at 18 eV probably originate from the 7a1 molecular orbital 
although the 6t2 and 6a1 molecular orbitals will contribute to the broad feature at 25 eV.  
The gas phase SiCl4 molecule sequentially dissociates to Si + 4Cl between 16.4 – 18.3 eV 
and to Si* + 4Cl between 21.3 – 22.3 eV [64].  The bound D2A1 ionic state 
nonradiatively decays to SiCl2+ + 2Cl and SiCl3+ + Cl at 18.1 eV [66].  These transitions 
are illustrated in Figure 4.6.  The onset of these dissociative states can explain the yield 
increase at 18 eV, but not the broad 25 eV feature. 
A pronounced maximum in the cross-sections for producing SiCl+, SiCl2+, SiCl3+ 
and SiCl4+ from electron-impact ionization of gas phase SiCl4 was observed at 30 – 35 
eV indicating contributions from indirect ionization channels [19].  We reported a 
resonance structure in the Cl+ yield from ESD of SiCl4 multilayers between 22 and 32 
eV.  This was attributed to initial hole production in the 6t2 and 6a1 followed by an Auger 
process initiating desorption via Coulomb repulsion [71].  Lower energy processes such 
as dissociation resulting from the 10 eV excitation initiated by inelastic electron 
scattering and secondary emission begin to contribute at these energies as well.  It is 
evident that multiple processes producing both neutral and cationic species occur at these 





4.4.1.3  Enhancement of nonresonant yields at the 2D3/2  2P3/2 transition 
 
When comparing the yields of Si and SiCl in Figure 4.2(b) and 4.2(c) to those in 
Figure 4.2(a), it is clear that there is an enhancement of the yields at the chlorine 2D3/2  
2P3/2 intermediate state transition.  This enhancement is solely a function of the photon 
wavelength and not due to a surface phenomenon.  Of the resonant neutral species that 
desorb as a result of ESD, ground state chlorine, Cl(2P3/2), is the most abundant.  Due to 
the high population density in the laser field, resonant ionization of Cl(2P3/2) can induce 
cation-electron recombination, ion-molecule reactions, and other reactive scattering 
processes in the gas phase similar to plasma induced reactions.  These gas phase reactions 
can further break apart SiClx species rendering an enhancement of nonresonant Si+, SiCl+, 
and possibly Cl+ yields.  When the photon energy is in resonance with the chlorine (2P1/2 
 2P1/2) transition, the population density of Cl(2P1/2) is simply not enough to induce 
these gas phase reactions.  Therefore, the nonresonant yields of Figure 4.2(b) match those 
in Figure 4.2(c) within experimental error.   
 
4.4.2  Kinetic energies and mechanisms 
 
4.4.2.1  The Cl(2P3/2) energy distributions 
 
As suggested above in Figure 4.5, possible dissociative pathways that produce the 
features seen in the Cl(2P3/2), Cl(2P1/2), Si, and SiCl ESD yields at 10 eV include:  DEA, 
direct and indirect dissociation via vibronic coupling, and unimolecular decay.  The 
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nonthermal 425 meV component in the Cl(2P3/2) ToF distribution is likely due to 
repulsive forces associated with the DEA resonances and the dissociative excited states 
produced via autodetachment.  Multiple components in the energy distributions typically 
indicate either multiple excited states or different initial states which have varying 
Franck-Condon factors.  If Cl(2P3/2) does not desorb directly from the near surface region 
upon excitation, the departing Cl may also undergo collisions or scatter along the surface 
and begin to thermalize and equilibrate to the surface temperature.  Thus the intermediate 
energy likely involves Cl atoms which suffer only one collision or originate from a layer 
below, whereas the component fully equilibrated to the substrate temperature obviously 
involves multiple collisions.   
The higher energy incident electrons excite dissociative ionic states and secondary 
electrons excite the lower energy DEA resonances.  It has been reported that the kinetic 
energy release to SiCl3+ + Cl fragments from the Franck-Condon maximum of the C2T2 
SiCl4+ ion state is 0.43 eV which may be a direct measurement of the repulsiveness of the 
A2T2 and the X2T1 states if C2T2 completely decays to A2T2 and X2T1 [68].  Although the 
authors suggest this measurement may be degraded due to multiple isotopes of chlorine 
and silicon [66], their 0.43 eV value agrees well with our measurement of the Cl(2P2/3) 
nonthermal component at 425 meV.  It is important to note that the thermal contribution 
increases as the incident electron energy and penetration depth increases.  Thus, it is very 
reasonable to expect a distribution which is dominated by a nonthermal component at Ei = 




4.4.2.2  The Cl(2P1/2) energy distributions 
 
Though the low Cl (2P1/2) yield near 10 eV precluded a measurement of the time 
of flight distribution, it is likely associated with DEA and vibronic interactions, and 
therefore, should be at least as energetic as that observed for the Cl (2P3/2) product at 10 
eV.  In fact, the effective temperature of the highly energetic nonthermal component is 
4700 K having a kinetic energy of ~608 meV.  This is considerably higher than the 
nonthermal component of the Cl (2P3/2) product.  In addition, the thermal component is 
very small relative to the nonthermal component even at Ei = 50 eV (see Figure 4.4).  We 
have previously shown that desorption products which have only nonthermal components 
are indicators of exciton decay directly at the surface [46].  This is normally the lowest n-
exciton and can be the parent excited state of the DEA resonances leading to the Cl- 
anion.  Having similar partial cross section values for spin-orbit production in 
multiphoton detachment [72], autodetachment of the Cl- anion should generate both 
Cl(2P3/2) and Cl(2P1/2).  The lack of thermal contributions in the Cl(2P1/2) time of flight 
distribution is consistent with direct dissociation from take-off trajectories normal to the 
surface where post-dissociation scattering is minimal.   
 
4.4.2.3  The Si energy distributions 
 
The time of flight distributions of nonresonant silicon from the 2D3/2  2P3/2 
transition of chlorine have the same relative distribution profile as the incident electron 
energy is increased.  Since silicon is a product of a SiClx precursor that dissociates and is 
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nonresonantly ionized in the laser field, the silicon distributions will have the kinetic 
energy signature of a heavier parent molecule.  The broad Si ToF distribution is produced 
from the desorption of SiClx precursors that are created from the identical mechanisms 
that produce chlorine.  Since Si is a byproduct of these desorption mechanisms via the 
laser field, its kinetic energy will not be necessarily relevant to specific surface processes 
producing SiClx, but helpful for chlorine kinetic energy comparisons. 
 
4.5  Conclusions 
 
We have detected the desorption of ground state neutral chlorine, Cl(2P3/2), excited state 
neutral chlorine, Cl(2P1/2), as well as Si and SiCl during low-energy electron 
bombardment of  multilayers of SiCl4 adsorbed on a Si(111) substrate.  Resonance 
structure in the Cl(2P3/2) yield at 10 eV was attributed to dissociative electron attachment, 
direct dissociation from repulsive excited states, and unimolecular decay of excited 
products produced via autodetachment.  These processes yield Cl(2P3/2) with a 
nonthermal kinetic energy of 425 meV and a slower component near the surface thermal 
temperature.  Other structures at 14 eV and 25 eV were also observed in the Cl(2P3/2) 
yield originating from excitation of electrons in  the 2e, 7t2 and 6t2, 6a1 molecular 
orbitals, respectively.  Although the 14 eV feature was not present in the Cl(2P1/2) yield, 
the 10 eV resonance and broad 25 eV feature are present.  The former involves DEA, 
autodetachment and direct dissociation, whereas the latter involves complex Auger decay 
of holes in the 6t2 and 6a1 levels.  As the incident electron energy is increased, direct 
ionization, excitonic states, and DEA from secondary electron scattering, can occur 
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contributing to all neutral atomic chlorine yields.  Si and SiCl species were also detected 
via nonresonant ionization of SiClx precursors that desorb from the SiCl4 multilayers.  
These precursors are produced via the same mechanisms that yield atomic chlorine where 
the broad time of flight distribution of Si retains the kinetic energy profile of the 
precursors.  This study can help elucidate the mechanisms of low-energy electron 
induced decomposition of adsorbed SiCl4 and may be useful for tailored surface reactions 









5.1  Introduction 
 
The objective of the previous two chapters was to investigate the electron induced 
reactions on and within thick (100 ML) films of SiCl4 on Si(111) using time of flight 
spectrometry (ToF-MS) as a tool to detect the neutral and cationic desorption products.  
Taking a multilayer to monolayer approach to examine the SiCl4/Si(111) system, this 
chapter discusses electron induced reactions on thin films of SiCl4 (θ < 3 ML).  Here, the 
ESD yields of Cl+ and Cl(2P3/2) from thin films of SiCl4 on Si(111) are presented, and the 
trends in the ESD yields are discussed as a function of SiCl4 adsorbate coverage.   
As illustrated in Figure 2.1 of Chapter 2, the electronic structure of condensed 
SiCl4 is similar to that of gas phase SiCl4, but with some broadening due to formation of 
the bands.  To date, there have been no photo-electron measurements from thin films of 
SiCl4 on Si(111) to ascertain the substrate effects on the electronic structure; however, 
ESD of Cl- has been performed from 1 ML of SiCl4 on Si(100) [32].  These experiments 
demonstrated that resonance structure at 8 - 12 eV due to DEA is present from a 
monolayer of SiCl4 on Si(100) [32].  Structure in both spin-orbit states of neutral Cl 
desorption between 8 - 12 eV was observed from the SiCl4 multilayer and assigned as a 
product of a DEA resonance discussed in Chapter 4 and generally corresponds with the 
Cl- data.  The correlation in the Cl(2P3/2) ESD resonant structure from the SiCl4 
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monolayer and multilayer suggests that electron excitations in the multilayer are relevant 
to a monolayer coverage of SiCl4.   
Understanding the electron-induced reactions in multilayers and thin layers of 
SiCl4 was performed to exploit low-energy electrons as an assisting tool for controlled 
silicon surface etching with SiCl4.  With a background pressure of SiCl4, etching 
experiments were executed with and without the presence of a rastering beam of 
electrons.  The scanning electron microscope (SEM) images of both the electron 
irradiated and non-irradiated surfaces are presented at the end of this chapter along with 
general conclusions. 
 
5.2  Experimental Details 
 
The procedures for obtaining the results in this chapter are similar to those in the 
experimental sections of Chapter 4.  Here, the ESD yields of Cl+ and the ground spin-
orbit state of neutral Cl were taken simultaneously.  A brief description of the detection 
method is as follows, a plume of desorbates containing both neutrals and ions is created 
as a result of inelastic electron collisions with the SiCl4 film.  A negative potential pulse 
is applied immediately after the electron beam pulse that extracts Cl+ from the sample 
region while Cl(2P3/2) neutrals are left in their desorbing trajectories with their initial 
kinetic energy.  A 0.4 mJ/pulse laser beam is focused approximately 1 mm above the 
surface to ionize the Cl(2P3/2) species via (2 + 1) REMPI.  The 2 + 1  scheme involved the 
Cl(4p 2D3/2  3p 2P3/2) transition at 235.336 nm [48, 49].  ESD yields as a function of 
incident electron energy were taken by increasing the incident electron energy from 1 to 
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50 eV in 1 eV increments while maintaining a constant electron pulse to laser pulse delay 
time of 200 ns.  (In the time of flight spectrum the Cl+ and Cl(2P3/2) signals are separated 
by 200 ns.)  To sample the entire spectrum of Cl(2P3/2) desorption velocities, a 15 μs 
electron beam pulse width was used.  Due to the large width of the electron beam pulse, 
slow and fast Cl(2P3/2) are present in the ionizing laser field simultaneously.  The low 
electron fluence (5.47×1010 e-/cm2 s) minimized surface charging during the electron 
pulse and the frequency (20 Hz) allowed discharging between pulses. 
 
5.3  Results and Discussion 
 
5.3.1  TPD of thin films of SiCl4
 
ESD yields of Cl+ and Cl(2P3/2) were measured from a 1.6 ML and a 2.1 ML 
coverage of SiCl4 deposited on the Si(111) surface by directionally dosing the vapor at 
1.0×10-7 Torr for 1.5 s and 3.0 s, respectively. During deposition, the backing pressure 
was approximately 2 Torr, and the silicon substrate temperature was kept below 110 K to 
achieve a relatively high sticking coefficient.  The TPD spectra of both SiCl4 coverages 
are plotted in Figure 5.1.  Due to cracking of SiCl4 in the QMS ionizer, Si+ (mass 28) was 
monitored in the TPD measurements to determine SiCl4 coverage.  The temperature ramp 
for the TPD measurements was 1.5 K/s, and the coverages were calculated by dividing 
the integrated amount in the multilayer peak (~138 K) by that in the monolayer peak 
(~150 K).  In the figure, the monolayer desorption peak is labeled, and the y-axes of the 
TPD spectra have been offset for comparison. 
 49
Temperature (K)






























Figure 5.1  Temperature programmed desorption (TPD) spectra of 1.6 ML( ) and 2.1 
ML( ) coverages of SiCl4 from the Si(111) surface.   
 
 
5.3.2  ESD of Cl+
 
The ESD yields of Cl+ from SiCl4 coverages of 1.6 and 2.1 ML are plotted in 
Figure 5.2 as a function of incident electron energy.  Both coverages have an appearance 
threshold at ~ 17 eV which is easily seen in the zoomed (x10) inset of Figure 5.2.  The 
threshold value of 17 eV agrees with that of the ESD Cl+ yield of from the multilayer 
coverage of SiCl4 (100 ML) shown in Figure 3.2.  There, the 17 eV Cl+ threshold was 
assigned to direct ionization or single particle excitations from the 7a1 bonding level 
which is located 17.4 eV below the vacuum level.  After the initial desorption near 17 eV, 
the Cl+ ESD yield intensities increase monotonically as the incident electron energy is 
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increased to 50 eV.  However, the Cl+ ESD yield intensity from 2.1 ML of SiCl4 remains 
greater than that from the 1.6 ML film.  The ionization cross-section producing Cl+ 
should not change due to increasing the SiCl4 coverage from 1.6 to 2.1 ML but, the 
increase in the Cl+ desorption yield could be resulting from a higher desorption escape 
probability.  This could occur because the inelastic electron scattering event takes place 
further away from the substrate and ion recombination with secondary electrons and 
interaction with the substrate image potential are minimized.   
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Figure 5.2  ESD yields of Cl+ from 1.6 ML( ) and 2.1 ML( ) of SiCl4 on Si(111).  The 




Although the 17 eV appearance threshold is present for Cl+ ESD yields from both 
thick and thin films of SiCl4, there is a dissimilarity at higher incident electron energy.  
The resonance feature found between 22 and 32 eV in the Cl+ ESD yields from the SiCl4 
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multilayer is not present in either Cl+ ESD yields from 1.6 or 2.1 ML SiCl4 films.  The 
resonance structure was associated with resonant transitions from the 6t2 or 6a1 to the 
antibonding 8a1 or 9t2 levels followed by an Auger decay process.  A possible 
explanation could be that the molecule’s close proximity to the silicon substrate perturbs 
the 8a1 and the 9t2 levels, thus quenching the excitation. 
 
5.3.3  ESD of Cl(2P3/2) 
 
Along with the measurement of the Cl+ ESD yield during electron irradiation, 
detection of the ground spin-orbit state of chorine (Cl(2P3/2)) was carried out using a (2 + 
1) REMPI scheme.  The ESD yields of neutral Cl(2P3/2) from 1.6 and 2.1 ML coverages 
of SiCl4 are shown in the top portion of Figure 5.3.  The ESD yields from the 2.1 ML 
film have been displaced on the y-axis for comparison with the 1.6 ML film.  Evident 
from the figure, the Cl(2P3/2) ESD yields from the 1.6 ML SiCl4 film are negligible 
remaining near zero through 20 eV of incident electron energy.  However, the neutral 
chlorine ESD yields from the 2.1 ML SiCl4 film is non-zero.  The resonance structure at 
10 eV which is probably a product of a DEA resonance is present, and the Cl(2P3/2) yield 
increases from 12 to 20 eV.  The change in neutral chlorine ESD yields is quite drastic 
for only adding half a monolayer to the 1.6 ML film, but the full second monolayer is 
completed with the addition.  There is also an interesting trend in the ESD yields of Cl- as 
a function of SiCl4 coverage as well.  The bottom portion of Figure 5.3 shows the 
dependence of the total relative Cl- ion ESD yield on SiCl4 coverage on the Si(100) 
surface [32].  Evident from the figure, the Cl- ion yield increases as the submonolayer 
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SiCl4 coverage is increased until a maximum Cl- yield intensity is reached at ~1 ML.  
Above 1 ML, the Cl- yield decreases monotonically until a SiCl4 coverage of 
approximately 4 ML where the Cl- yield remains unchanged.  In this portion of the figure, 
the vertical dashed lines denote the SiCl4 coverages on the Si(111) surface in our 
experiments.  It is interesting to note that the Cl- ion yield decreases from 1.6 to 2.1 ML 
as the neutral Cl(2P3/2) yield increases.  This can occur since the neutral chlorine channel 
can be a decay pathway for Cl- ions.  For example, the DEA resonance at 10 eV is 
observed in the Cl(2P3/2) (Chapter 4) and the Cl- yields [32].  As discussed above in 
Chapter 4, there are multiple mechanisms where neutral chlorine can be produced from a 
DEA process that primarily yields Cl- ions.  If the electron attached to the transient 
negative ion (SiCl4-) autodetaches prior to dissociation, the parent SiCl4 molecule can be 
left in a vibrationally excited state inducing dissociation that yields a neutral chlorine 
atom.  Another possible pathway for producing Cl(2P3/2) is a post-dissociated mechanism 
where the Cl- ion either reactively scatters with the surrounding medium or the electron 
autodetaches, thus liberating the electron and desorbing as a neutral chlorine atom.  It is 
the cross-sections of these reaction pathways that dictate the relative ESD yield 
intensities of Cl- and Cl(2P3/2).  By accounting for the correlations between Cl- and 
Cl(2P3/2), the inverse relationship in the ESD yields of Cl- and Cl(2P3/2) can be 
understood.  As the inelastic electron scattering event is removed from the silicon 
substrate effects due to an increase in SiCl4 coverage, the reaction cross-sections for 
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Figure 5.3  ESD yields of the ground spin-orbit state of neutral chlorine (Cl(2P3/2) from 
1.6 ML( ) and 2.1 ML( ) coverages of SiCl4 on a Si(111) surface (top).  ESD yields of 
anionic chlorine (Cl-) as a function of SiCl4 coverage on the Si(100) surface.  The vertical 
dashed lines denote the SiCl4 coverages studied on the Si(111) surface.  The Cl- data were 






5.3.4  Evidence of surface reactions 
 
 Besides desorbing from the silicon surface, the anions, cations, and non-thermal 
neutral species that have been discussed to this point can and do reaction with the silicon 
surface.  SiCl4 primarily etches silicon surfaces specifically after dissociating into 
reactive chlorinated radicals.  To investigate whether electron irradiation assists the 
etching ability of SiCl4, a designated area of the Si(111) surface was irradiated with 
electrons while the entire surface was exposed to SiCl4.  This experiment was conducted 
by heating and holding the silicon substrate at ~1000 K where the background pressure of 
SiCl4 gas was held constant at 1.3 - 1.5x10-5 Torr for 30 min.  During this time, half of 
the Si(111) surface was irradiated with 100 eV electrons.  At this incident electron 
energy, all of the electron initiated reactions discussed above are possible.  The onset of 
etching silicon with SiCl4 occurs near 1000 K due to the presence of SiCl2 desorption in 
TPD spectra where remaining dissociated Cl from SiCl4 react with the surface producing 
SiCl2 [51, 52].  The etching process is initiated when chlorine atoms insert into the Si-Si 
backbond [73].  The resulting SEM images of the a) non-irradiated and the b) irradiated 
Si(111) surfaces are shown in Figure 5.4.  The surface areas in the images are identical 
where a distance of 2.0 μm is indicated on the images.  The scanning electron energy was 
15.0 kV.  When comparing the images, there is a significant difference in the etching 
quality.  The irradiated surface has a much smoother finish than the non-irradiated 
surface indicating a more constant etch rate over a very large surface area.  The large 













Figure 5.4  SEM images of Si(111) surfaces that were etched with SiCl4 while 





etching that could be a function of changes in the instantaneous SiCl4 vapor flux or local 
surface temperatures during the etch process.  Although the SiCl4 etching process was 
quite inhomogeneous across the Si(111) surface, the effects of the 100 eV electron beam 
are evident, and justify more experimentation.  
 
5.4  Conclusions 
 
As adsorbate films become thinner, the substrate effects have a profound 
influence on the chemical reactions initiated by electrons.  In the case of the SiCl4 film 
thickness dependence, the substrate influence is manifested in the Cl(2P3/2) and Cl- ESD 
yields.  As these reactant fragment species are produced, they frequently react with the 
substrate surface itself.  The electron assisted etching experiments with SiCl4 presented 
are preliminary results that have stimulated further investigations in our laboratory.  
Utilization of low energy electrons can make a significant difference in controlled 
chemical vapor deposition (CVD) of silicon for instance with SiCl4 in the presence of H2 
[74] or with other silicon precursor molecules such as SiH4 [75].  CVD of silicon carbide 
films are also possible using carbon sources such as acetylene [76, 77], 
acetylene/dichlorosilane [78], and ethylene [79].  As demonstrated above, resonant 
reactions stemming from DEA resonances are dependent upon the incident electron 
energy.  A variety of surface reactions induced by excitation of the DEA resonances of 
selected adsorbates have been performed on silicon substrates [80-83].  It is in the 
direction of surface reactions tailored toward silicon carbide film growth through DEA 








6.1  Introduction 
Titanium dioxide is an environmentally abundant material that has become a 
lucrative commodity for its uses and applications [84].  Besides its industrial relevance, 
TiO2 is the most studied transition metal oxide and TiO2(110) is considered a model 
surface to understand thermal and non-thermal reaction dynamics.  Fujishima et al. have 
demonstrated hydrogen production via the photocatalytic dissociation of water on the 
TiO2(110) surface [85].  Water dissociation producing molecular hydrogen from a non-
organic source is a possible route for manufacturing a fuel that is free of greenhouse gas 
emissions, specifically carbon dioxide.  Understanding the thermal and non-thermal 
reaction landscape for water adsorbed on the TiO2 interface is relevant for the possible 
realization of this system as a potential photocatalytic water splitting hydrogen fuel 
source. 
For the rutile TiO2 crystal, the band gap energy is 3.05 eV [86].  The valence band 
and the conduction band are derived from O 2p and Ti 3d contributions, respectively 
[87]. An extensive overview of the electronic structure and surface chemistry of TiO2 
have been reviewed [84, 88-90].  The (110) surface of rutile TiO2 has a corrugated 
structure composed of rows of bridge bonding oxygen (BBO) atoms and fivefold 
coordinate titanium atoms in the [001] direction.  A cartoon of the TiO2(110) surface 



















Figure 6.1  A cartoon of the H2O deposited on the TiO2(110) surface.  Water adsorbed to 
the BBO and Ti atoms are illustrated along with a bridge bonding oxygen vacancy 






dissociatively or molecularly adsorbs on this surface has been the subject of much debate.  
Scanning tunneling microscopy (STM) suggests that water dissociates upon adsorption at 
the defect oxygen vacancy sites creating two hydroxyls by depositing an OH in the 
vacancy and an H on the BBO next to the vacancy [91].  These hydroxyls thermally 
recombine and desorb as H2O at ~500 K, thereby regenerating the oxygen vacancy site.  
Experimentally, there has been no evidence for water to dissociate at any other adsorption 
sites on the surface.   
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Figure 6.2  H2O TPD spectra from the TiO2(110) surface (total coverage = 2.2 ML).  
Water desorbing from the Ti+4 sites (~200 K), BBO’s (~300 K), and the recombinative 
desorption of hydroxyls (~540 K) are labeled.  A zoomed depiction of the high 
temperature recombinative peak is shown in the inset.  The low temperature shoulder on 




An example of TPD spectra of H2O from the TiO2(110) surface is shown in 
Figure 6.2.  The figure depicts the water desorption states from the Ti+4 sites (~200 K), 
BBO’s (~300 K), and the recombinative desorption of hydroxyls (~540 K).  A zoomed 
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depiction of the high temperature recombinative peak is shown in the inset.  The low 
temperature shoulder on the Ti+4 peak denoted by the arrow indicates the onset of the 
H2O multilayer. 
Rutile TiO2 crystals are reduced by annealing in vacuum which introduces oxygen 
vacancies into the bulk and on the surface [92].  Removal of the surface oxygens leaves 
two paired reduced Ti+3 ions where the remaining electrons exhibit Ti 3d character [84].  
Ultraviolet photoelectron spectroscopy (UPS) measurements have shown that the 
electrons occupy a state that is ~0.8 eV below the Fermi level within the band gap [93, 
94].  The reaction of H2O with these vacancy sites is exothermic where the H2O diffusion 
is the rate limiting step [91, 95].  Following hydroxyl creation, the Ti+3 ions below the 
reacted vacancy are not fully reoxidized retaining a partial negative charge.  The charge 
associated with the defect remains delocalized below the reacted vacancy site [96-98] and 
has been shown to extend into the fivefold coordinate Ti+4 row [99].  Ultrafast charge 
transfer from the TiO2 defect state below the hydroxyl group to wet electron states of 
H2O and CH3OH have been demonstrated [100, 101], and due to dissimilar hydrogen 
hopping rates, the hydroxyl groups are thought to be inequivalent attributed to the 
residual negative charge below the reacted defect site [102].   
 
6.2  Experimental Details 
 
The experiments were performed in an UHV system that has been described 
previously [103, 104] and illustrated in a top-down view in Figure 6.3.  Briefly, the 
system consists of a low-energy electron gun, a closed-cycle helium cryostat, a molecular 
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beamline for adsorbate deposition, an Auger electron spectrometer, and a QMS equipped 
with an integrating cup [105].  In Figure 6.3, the QMS is mounted to the bottom of the 
chamber where the integrating cup directs desorbates into the quadrupole ionizer.  The 
typical base pressure for the system was 1x10-10 Torr.  The 10×10×1 mm TiO2(110) 
crystal (CrysTec GmbH or Princeton Scientific) was mounted on a resistively heated 
tantalum base plate using a thermoconductive cement (Aremco Ceramabond 865).  For 
temperature monitoring and control, we used a K-type thermocouple that is spot-welded 
to the tantalum base plate.  A secondary electron image of the sample holder 
configuration in Figure 6.4 shows the TiO2 single crystal pressed between a molybdenum 
ring and a tantalum base plate.  The outer dashed ring indicates the TiO2(110) surface 





Figure 6.3  A top-down representation of the UHV apparatus at PNNL.  
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Prior to experiments, the TiO2 sample was sputtered with Ne+ ions and then 
annealed in vacuum for 2 or 10 min at ~850 K.  After multiple sputtering/annealing 
cycles, the TiO2 sample is reduced attaining an intensive blue color, related to the bulk 
defects.  The bulk reduction increases the sample conductivity and greatly reduces 
charging effects during electron irradiation experiments.  This process also introduces ~5 
– 8 % of oxygen vacancies at the (110) surface, preferentially in the bridge-bonded 









Figure 6.4  Secondary electron image of the TiO2 single crystal pressed between a 
molybdenum ring and a tantalum base plate.  The outer dashed ring indicates the 
TiO2(110) surface where the diameter is 10 mm.  The bright area is adsorbed H2O within 




The amorphous solid water (ASW) ice films were deposited with the molecular 
beam (~2x1014 molecules/cm2 s) at normal incidence to the TiO2(110) surface (typically 
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at 100 K).  The molecular beam produced a film centered on the substrate having an outer 
diameter of ~8 mm which is shown as the bright area within the inner dashed ring in 
Figure 6.4.  One monolayer coverage of water was defined as the desorption yield from 
the Ti+4 rows in the TPD spectra (5.2x1014 molecules/cm2) although the actual density in 
the saturated monolayer is somewhat uncertain [107].  The second ML is completed 
when water saturates the bridge bonding oxygen adsorption sites.  Note, a 2 ML coverage 
on the TiO2(110) surface is comparable to a 1 ML coverage on a Pt(111) surface 
(~1.0x1015 molecules/cm2).   
During ESD experiments, the electron beam was oriented 35° to the sample 
normal where the films were irradiated with 100 eV incident electrons.  A typical 
instantaneous current density per scan is ~2x1014 e-/cm2 s with a beam spot size of ~1.5 
mm.  The water films were uniformly irradiated by repeatedly scanning the electron beam 
in a grid pattern over an area slightly larger than the film.  This area is denoted by the 
dashed square in Figure 6.4.  The pressure rise during irradiation depended on various 
parameters such as the beam current, the film thickness, and the sample temperature but 










7.1  Introduction 
 
The interaction of energetic electrons with TiO2(110) has been studied and used to 
prepare various surfaces. For example, irradiation of TiO2(110) by electron energies 
greater than ~30 eV results in the desorption of O+ (presumably from BBO sites) via the 
Knotek-Feibelman mechanism[108, 109]. Energetic electrons can also desorb H+ from 
hydroxylated TiO2(110) [110], healing BBO vacancies in the process. This fact has been 
used to prepare “fully-oxidized” TiO2(110) surfaces both with energetic electron beams 
(e.g. ~20 eV) [111] and STM tips (with a bias voltage of only a few volts) [111, 112]. 
However, little is known about the interaction of energetic electrons (e.g. ~10-100 eV) 
with water covered TiO2(110).    
Here, we investigate the low energy electron-stimulated reactions in thin (< 3 
ML) water films on the TiO2(110) surface.  During irradiation of water on the TiO2(110) 
surface with 100 eV electrons, atomic hydrogen is the primary electron stimulated 
desorption (ESD) product, along with some molecular H2.  However, at low electron 
fluences, no desorption of molecular O2 is detected.  Therefore irradiation of the water 
films leads to the production OH adsorbed on the TiO2(110).  The TPD of the remaining 
H2O film reveals features indicative of oxidation of the TiO2(110) surface.  We observe a 
shift to higher temperature in the 1 ML water TPD state from the Ti+4 rows along with a 
decrease in the OH recombinative desorption peak near 500 K (oxidation of the vacancy 
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sites).  These observations are essentially identical to the results observed by exposing the 
surface to molecular O2 prior to depositing water on a TiO2(110) surface.  For both 
irradiated and O2 pre-dosed water films, the TPD spectra characteristic of the clean, 
annealed surface are recovered when the surface is heated above ~600 K.  The rate of 
electron-stimulated oxidation is independent of the initial vacancy concentration, but 
increases linearly with the water coverage in the Ti4+ rows suggesting that these 
molecules are the “targets” for dissociation by the incident electron.  As the coverage 
increases above 1 ML, the electron-stimulated oxidation of the substrate is suppressed.  
Initially, the OH’s in the Ti+4 row that are produced by the H ESD react with hydroxyls 
adsorbed on the bridging oxygen rows to (re)form water and heal the oxygen vacancies 
associated with the bridging OH’s.  When the bridging OH’s have been titrated, the OH’s 
in the Ti+4 row begin to react with each other to form species (possibly H2O2 and/or HO2) 
which block H2O adsorption sites in the Ti+4 rows, and ESD of molecular O2 increases.  
The results are compared to previous work on the oxidation of TiO2(110) after exposure 
to molecular oxygen [113, 114].   
 
7.2  Results 
 
7.2.1  Electron-stimulated desorption of D, D2, and O2 from D2O/TiO2(110) 
 
Insights into nonthermal electron stimulated reactions in amorphous solid water 
(ASW) and crystalline water ice (CI) can be made via measurement of the desorbing 
species produced during electron irradiation such as H-, H, H2, O, O2, etc. [13, 115-119].  
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To this end, the electron-stimulated desorption yields of the dissociated water fragments 
D, D2, and O2 were measured from the TiO2(110) surface with and without a monolayer 
of D2O during irradiation with 100 eV electrons.  Deuterated water was used to 
distinguish desorbing species from the TiO2 surface from the background signals due to 
H2O.  These ESD yields from the water monolayer (filled squares) and from the bare 
TiO2 surface (open circles) are plotted as a function of irradiation time (electron fluence) 
in Figure 7.1.  The atomic D signal is derived from the 3 amu mass which corresponds to 
molecular HD in the QMS.  Although this is not a direct measurement of D atoms, the 3 
amu (HD) signal is the result of D atoms reactively scattering with adsorbed H2, H, OH, 
and H2O on the surfaces of the UHV chamber and mass spectrometer.  The scattering 
event induces isotopic exchange which occurs prior to reaching the QMS ionizer.  
Therefore, the 3 amu mass signal is a qualitative indirect measurement of the atomic D 
yield.  D2 molecules do not contribute to the HD signal.  As seen from the plot, the 
amplitude of the D yield is an order of magnitude greater than that of the D2 ESD yield 
indicating that HD is not a product of the D2 isotopic exchange on the walls prior to 
detection.  The ESD yields of O2 from the surface with and without water are 
indistinguishable implying zero electron induced desorption of O2 from the D2O film 
within the duration of the irradiation period in Figure 7.1 (At longer irradiation times, this 
is not the case and will be discussed in detail below).  This is contrary to the D and D2 
yields where desorption occurs immediately upon interaction with 100 eV electrons and 
where the yields become constant within the irradiation period.  For the conditions shown 






Figure 7.1  O2, D, and D2 ESD yields vs. 100 eV electron irradiation time at 100 K from 
bare TiO2(110) surface ( , control experiment) and 1.0 ML D2O ( ) on TiO2(110).  The 
D atom yield is actually the 3 amu signal of HD being a product of the reactive scattering 




                                                 
∗ See Appendix for acknowledgement of data acquisition for Chapters 7 and 8 
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The extensive desorption of D atoms and D2 molecules from the water film could 
indicate a stoichiometric imbalance in the products of dissociated water remaining on the 
surface.  If the atomic D yield is primarily produced by dissociation of D2O to D and OD, 
the end result of these electron stimulated reactions leaves an adsorbed OD and to a lesser 
extent O at the site in the Ti+4 row where D2O resided.  In the discussion below, we 
suggest that these adsorbed species oxidize the TiO2(110) surface as well as alter the TPD 
spectra of the remaining irradiated water and additionally deposited water.  
 
7.2.2  Electron-stimulated oxidation of TiO2 (110) 
 
On many surfaces, water TPD spectra change in characteristic ways in the 
presence of other adsorbates [89, 120], and previous research has shown that water TPD 
spectra obtained after irradiation provide valuable information regarding the electron-
stimulated reactions [104].  When a 2 ML H2O film on the TiO2(110) surface is irradiated 
with energetic electrons, the oxide surface is irreversibly altered as evident in post-
irradiated TPD measurements.  These effects are illustrated when comparing the 1) Not 
Irradiated and 2) Irradiated TPD spectra in Figure 7.2(a).  The TPD spectrum of pristine 
adsorbed water from the sputtered and annealed TiO2 (110) surface is composed of three 
peaks at approximately 195 K, 290 K, and 550 K which have been attributed to water 
desorbing from the BBOs, the Ti+4 rows, and from the recombinative desorption of BBO 
hydroxyls, respectively [106, 107].  In the discussion below, the desorption peaks in the 














































































Figure 7.2  A) TPD spectra of 2 ML  H2O films from the TiO2(110) surface taken 1) 
before (solid) and 2) after (dashed) irradiation with 100 eV electrons at 100 K. 3) 2 ML 
of H2O was irradiated, then molecular water was desorbed up to 400 K, and a new 2 ML 
H2O film was re-dosed, of which the TPD spectrum is shown (solid).  Zoomed high-
temperature peak of H2O recombinative desorption is shown in the inset for the 
experiments (1) and (2) along with linear baseline subtraction (curves 1’ and 2’ 
respectively).  B) TPD spectra of 1.2 ML H2O dosed at 100 K on a TiO2(110) surface 
taken (1) before (solid) and (2) after (dashed) irradiation of 2 ML H2O film with 100eV 
electrons or (3) after O2 pre-dose of at 90 K (solid).  For the irradiated (2) TPD, 2 ML of 
H2O was irradiated, desorbed up to 350 K, and 1.2 ML H2O was re-dosed, of which the 
TPD is shown. The inset is an enlargement of ~500 K recombinative H2O TPD peak, 
base line subtracted.  The “Not Irradiated” data in A and B are taken at different 
multiplier sensitivities.  Dashed vertical lines show the position of the ~300 K peak 
shifted after the irradiation. The grey-shaded fragments represent integrated portions of 
the TPD spectra. See details in text.   
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OH recombination peaks, respectively.  Note that the magnitude of the high temperature 
water TPD state provides a measurement of the initial oxygen vacancy concentration on 
the surface [107].  For the irradiated H2O TPD in Figure 7.2(a), a 2 ML H2O film was 
deposited and irradiated at 100 K with 100 eV electrons (8x1015 e-/cm2).  In general, the 
second layer peak decreases as a result of electron-induced sputtering of H2O, the ML 
peak broadens and shifts to higher temperature (~305 K), and the OH recombination peak 
at 550 K decreases.  The vertical lines in the figure illustrate the shift in the ML peak 
position.  The inset is the zoomed area of the decrease in the OH recombination peak 
where 1 and 2 correspond to the Not Irradiated and Irradiated data, respectively.  To 
compare the OH recombination peaks, the backgrounds were linearly subtracted, and the 
data are re-plotted as 1’ and 2’.  To quantify the electron induced shift in the ML peak, 
the difference from the irradiated and the non-irradiated H2O TPD spectra is integrated 
from 320-360 K for the shifted ML peak and 400-630 K for the OH recombination peak.  
The temperature range for the shifted ML peak integral is represented as the gray areas in 
Figure 7.2. 
The electron induced changes in the H2O TPD spectrum remain after desorbing 
the irradiated water and re-depositing a fresh 2 ML H2O film.  The TPD spectrum of the 
re-dosed film is labeled as 3) Irradiated/Re-dosed in Figure 7.2(a) and obtained after 
removing the irradiated water film by heating to 425 K then re-dosing 2 ML of H2O at 
100 K.  When spectrum 2 is compared to 3, the second layer peak has returned to its 
initial height (as seen in 1), but the shift in the 1 ML TPD peak is unaffected by heating 
and re-dosing H2O.  This phenomenon will be discussed in more detail below; however, 
experimentally, it is helpful.  The procedure of removing the irradiated H2O film by 
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annealing to ~400 – 425 K and redosing with a fresh H2O layer (typically 1 ML) 
precludes effects in the TPD due to removal of H2O by electron sputtering and allows 
accurate quantification of the ML peak shift and OH recombinative peak height.  This 
approach will be used repeatedly in what follows. 
The changes in the post-irradiation water TPD spectra are essentially identical to 
the changes in the water TPD spectra when the TiO2(110) is pre-dosed with O2.  The 
TPD spectra from 1) Not Irradiated, 2) Irradiated, and 3) O2 pre-dosed 1.2 ML films of 
H2O on the annealed TiO2(110) surface are plotted in Figure 7.2(b).  The irradiated TPD 
spectrum (2) is obtained from a 1.2 ML H2O film that has been re-deposited after a 2 ML 
H2O film was subsequently irradiated (8x1015 e-/cm2) then thermally desorbed to 400 K.  
The O2 pre-dosed H2O TPD spectrum (3) is from a 1.2 ML H2O film after pre-dosing the 
annealed TiO2(110) surface with ~1.5 × 1014 molecules/cm2 of O2 at 90 K.  In both the 2) 
Not Irradiated and 3) O2 pre-dosed TPD spectra, the OH recombination peak has 
decreased shown clearly in the figure inset where the backgrounds have been linearly 
subtracted, and the ML peak exhibits similar broadening and shifting to higher 
temperatures.   
Henderson and co-workers have previously demonstrated that exposure of oxygen 
to the TiO2(110) surface reduces the number of BBO vacancy sites which affects the TPD 
spectrum of co-deposited H2O [98, 113].  The similarity in the TPD spectra from 
irradiated H2O and O2 pre-dosed surfaces indicates that electron irradiation of water films 
on TiO2(110) oxidizes the surface.  This conclusion is supported by the ESD results 
presented in Figure 7.1 indicating that D and D2 desorb during irradiation, but very little 
O2.  According to the mechanism proposed by Henderson and co-workers [113], O2 
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adsorbs dissociatively at the BBO vacancy, healing the vacancy and depositing the other 
oxygen atom on the Ti+4 row (OTi).  Scanning tunneling microscopy experiments also 
support this mechanism [121].  Upon the subsequent deposition of water, the water reacts 
with the oxygen adatom yielding two hydroxyls: 
H2O + OTi → 2 OHTi (5.1) 
The two hydroxyls now residing in the Ti+4 row were proposed to induce the ML TPD 
state to broaden and shift to higher temperatures upon heating and reproduce water which 
desorbs at ~300 K leaving behind the oxygen adatom: 
2 OHTi → H2O + OTi (5.2) 
As shown in Figure 7.2, the ML TPD peak is not restored to its original pristine 
position after heating the surface to 400 K; however, the transition back to the original 
peak position does occur upon annealing the surface to ~500 - 600 K.  Oxygen adatoms 
are removed only after annealing above ~500 - 600 K [113], thus accounting for the 
observation that heating to ~400 - 425 K and subsequently redosing with water results in 
essentially the same shift in the ML peak to higher temperature.  The results from heating 
the surface to remove the electron irradiated H2O and pre-deposited O2 induced effects in 
the H2O TPD spectra are compared in Figure 7.3(a).  Each data point was taken by 
subtracting a pristine H2O TPD from an affected H2O TPD spectra then integrating the 
fraction of the water in the ML peak shift from 320 to 360 K.  The integral of the shift in 
the ML peak is represented by 320 – 360 K in Figure 7.2 and the following figures.  The 
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Figure 7.3  A) 320-360 K:  ML shift integral from 1 ML H2O TPD on TiO2(110) vs. 
annealing temperature after irradiation with 100 eV electrons at 100 K ( ) and after pre-
deposition of O2 ( ).  Irradiation time = 400 s; O2 dose = ~4 × 1015 molecules/cm2 at 120 
K.  B) Irradiated:  Integrated portions of 1 ML H2O TPD from TiO2(110) vs. annealing 
temperature after irradiation with 100 eV electrons at 100 K : 320 – 360 K reflects shift 
of the ML peak to higher temperature ( ), 400 – 630 K reflects area of the OH 
recombinative peak ( ), 400 - 630 K* reflects the 400 - 630 K data that has been 
inverted and normalized to the 320 - 360 K data ( ).  Irradiation time = ~300 s. 
Procedures for taking data in A) and B) are described in text.   
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film on the TiO2(110) surface at 100 K.  The final temperature of the TPD measurements 
or annealing temperature was set incremently higher within the 300 - 800 K temperature 
range.  After each TPD measurement, a 1 ML H2O film was re-deposited at 100 K, and 
the H2O TPD was measured to the next higher temperature.  As for the O2 pre-dosed data 
(open squares), ~4x1015 molecules/cm2 of O2 were pre-dosed on the TiO2(110) at 120 K, 
1 ML H2O was deposited on the surface at 100 K, then followed by identical TPD 
measurement and H2O re-deposition cycles.  As the annealing temperature increases, the 
amount of water in the shifted ML peak in both experiments begins to decrease at ~500 
K, and by 600 K the state in each case has virtually returned to its initial (unaffected) 
position.  During these experiments, no O2 desorption is observed in the temperature 
range from 500 to 800 K.  If the ML peak shift to higher temperatures is due to OTi 
adatoms deposited onto Ti+4 rows, the fate of these atoms during the annealing 
experiments remains unclear.  Our detection arrangement using an integrating cup 
attached to the QMS does not allow measurement of reactive species such as O atoms. 
In addition to the ML peak reverting toward its initial peak position typical of a 
sputtered and annealed surface, the OH recombinative peak increases within the 
equivalent annealing temperature range.  This result is plotted as the open diamonds 
labeled 400 - 630 K in Figure 7.3(b).  These data points were taken by subtracting the 
non-irradiated from the irradiated TPD spectra then integrating the difference in the 400 - 
630 K range reflecting the change in signal intensity of the OH recombinative desorption 
state.  For this series of experiments, an irradiation/re-dose water/measure TPD cycle was 
performed for each point due to the OH recombinative peak desorbing within the 
annealing temperature range (400 – 800 K).  This is opposed to a single irradiation 
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followed by multiple re-dose water/measure TPD cycles to determine the integrated 
change in signal intensity over 320 – 360 K due to the ML peak shift which is below the 
annealing temperature range (400 – 800 K).  The amount of water in the OH 
recombinative peak begins to increase at 500 K and continues past 700 K as the 
annealing temperature is increased.  This transition occurs concurrently with the ML peak 
shift to its initial position.  To facilitate the comparison, the OH recombinative peak 
integrals (400 - 630 K*, crosses) have been inverted and normalized to the shifted ML 
integrals (320 – 360 K, filled circles) at 400 K in Figure 7.3(b).  When the OH 
recombinative peak is low, few BBO hydroxyls are present reflecting a surface that is 
oxidized.  During this oxidized state of the surface, the ML peak has shifted to higher 
temperatures.  As the annealing temperature increases through the 500 - 600 K transition, 
the hydroxyl concentration increases or the surface reduces.  At these temperatures the 
ML peak shifts back to its initial position.  The results presented in Figures 7.2 and 7.3 
indicate that electron irradiation of monolayer films of water are identical to O2 pre-
dosing experiments which induce a shift in the ML peak and oxidation of the TiO2(110) 
surface.  Additionally, the shift in the ML peak and the oxidative state of the surface are 
restored to the initial condition upon annealing to 600 K. 
 
7.2.3  Water coverage dependence 
 
The electron-stimulated reactions in thin water films depend on the water 
coverage and the electron fluence, providing valuable insights into the reaction 
mechanisms.  As mentioned above, integration of the difference from 320 to 360 K yields 
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the relative changes in the amount of water in the ML peak shift; likewise for the OH 
recombinative peak from 400 to 630 K.  In Figure 7.4, the ML peak shift integral (320-
360 K, filled squares) and the OH recombinative peak integral (400 - 630 K, open circles) 
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Figure 7.4  ML peak shift integral (320 - 360 K, ) and 500 K H2O TPD peak integral 
(400 - 630 K, ) vs coverage of initially irradiated H2O at low electron fluence (N=80).  




annealed TiO2(110) surface.  Due to the decrease of BBO hydroxyls upon oxidation of 
the surface, the OH recombinative integral is negative; therefore, the 400 - 630 K data 
have been shifted to positive values for facile comparison to the 320 - 360 K data.  To 
acquire the data in Figure 7.4, the TiO2(110) surface was first exposed to H2O (0.5 ML) 
at 400 K to convert all BBO vacancies to hydroxyl groups.  Then the H2O film was 
deposited where deposition temperature varied with film thickness: 190 K (0 – 1 ML); 
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150 K (1.1 – 2 ML) and 120 K (2.1 – 8 ML).  The procedure insures defect free H2O 
films by increasing the mobility and reactivity of the H2O prior to irradiation.  After 
depositing the H2O film, it was irradiated with 100 eV electrons (~6.4x1015 e-/cm2) at the 
last deposition temperature 190 K (0 – 1 ML); 150 K (1.1 – 2 ML) and 120 K (2.1 – 8 
ML), respectively.  The low electron fluence was used to minimize effects due to electron 
stimulated sputtering of H2O.  After electron irradiation, the post-irradiated water was 
removed by heating to 400 K where a subsequent 1 ML H2O film was re-deposited at 100 
K.  The integrals from the TPD spectrum of the newly deposited 1 ML H2O film are 
plotted in Figure 7.4.   
When no water is irradiated (H2O coverage = 0), the TPD spectrum is 
characteristic of water desorbing from the annealed surface.  The ML peak has not shifted 
(320 – 360 integral is low) and all the surface hydroxyls desorb as water in the OH 
recombinative peak (400 – 630 K integral is high).  During oxidation of the surface, the 
ML peak shifts to higher temperatures and the OH recombinative peak decreases as 
depicted in Figure 7.2.  These electron induced effects in the TPD occur as the coverage 
of the irradiated H2O film is increased from 0 to 1 ML.  However, at a H2O coverage of 1 
ML, the ML peak shift integral reaches a maximum, and the OH recombinative peak 
integral lowers to a minimum.  As the irradiated H2O coverage is increased from 1 to 3 
ML the electron induced effects begin to reverse where the ML peak shifts toward its 
original position and the OH recombinative peak integral increases.  Since the effects of 
electron irradiated water on the TPD spectrum are indicative of oxidation of the surface, 
the oxidation process is related to the amount of water present during irradiation.  
Irradiation induced oxidation of the TiO2(110) surface is optimal when water has filled 
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the Ti+4 rows (1 ML) and is suppressed when additional water adsorbs on the BBO sites 
(1 - 3 ML).  The results in Figure 7.4 suggest that all the water molecules within the first 
monolayer are targets for the initial excitation. 
 
7.2.4  Electron fluence dependence 
 
To examine the dependence of the electron-stimulated surface oxidation on 
electron fluence, 1 ML water films were irradiated and changes in the post-irradiation 
water TPD spectra were used to monitor the oxidation of the substrate as a function of the 
electron fluence.  For these experiments, a 1 ML H2O film was irradiated for a variable 
duration of time, the water was removed by heating to 400 K, a 1 ML coverage of H2O 
was re-dosed, and followed by a TPD measurement.  Changes in the integrals from this 
TPD measurement are plotted as a function of low electron fluence (< 2x1016 e-/cm2) in 
Figure 7.5(a) where the second ML peak integral (170 - 225 K), the ML peak shift 
integral (320 - 360 K), and the OH recombinative peak integral (400 - 630 K) are 
represented.  As the irradiation time increases, the ML peak begins to shift to higher 
temperature (the 320 - 360 K integral increases), and the OH recombinative peak integral 
decreases immediately upon irradiation and continues through 150 s of irradiation.  This 
is not the case for the second ML peak integral where the amount of water in this feature 
(170 - 225 K integrals) remains unchanged through 140 s of irradiation where it then 
begins to increase.  These data suggest that the electron induced effects on the ML and 
OH recombinative peaks are related as mentioned above, but are not directly correlated to 
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Figure 7.5  A) The ML H2O peak shift integral (320 - 360 K, ), OH recombinative 
peak integral (400 - 630 K, ), and second ML peak integral (170 - 225 K, ) from 1 
ML coverage of H2O at 100 K vs. 100 eV electron irradiation time (low fluence).  B) The 
ML peak shift integral (320 - 360 K, ), second ML peak integral (170 - 225 K, ), and 
entire ML peak integral (225 - 400 K, ) from 1 ML coverage of H2O at 100 K vs. 100 
eV electron irradiation time (high fluence).  Procedure for taking data in A) and B) is 







As in Figure 7.5(a), the second ML peak integrals (170 - 225 K) and the ML peak 
shift integrals (320 - 360 K) are plotted in Figure 7.5(b) along with the total ML peak 
integrals (225 - 400 K).  For this plot, the irradiation time duration is extended to 800 s 
(~6x1016 e-/cm2).  From the figure, the changes in the second ML peak integral and the 
ML peak integral are inversely related after an induction time.  For the experimental 
conditions of Figure 7.5(b), this occurs at approximately 100 s of irradiation followed by 
reaching a saturation level near 400 s.  Since the total ML peak integral (225 - 400 K) 
corresponds to the full amount of water in the ML TPD peak, a reduction of this integral 
implies that less water is required to saturate the ML TPD feature.  The excess water 
seems to be added to the second ML TPD peak inducing an increase in the corresponding 
integral (170 - 225 K).  Based on its temperature, the excess water could simply 
correspond to water desorbing from the BBO rows. However, it is also possible that the 
water could be desorbing from regions of the surface covered by electron-stimulated 
reaction products which are not desorbed by heating to 425 K.  The results depicted in 
Figure 7.5 indicate that the ML peak shift integral (320 - 360 K) is correlated with 
variations in the OH recombinative peak integral (400 - 630 K), and the amount of water 
in the second ML peak integral (170 - 225 K) and total ML peak integral (225 - 400 K) 
are inversely correlated.   
 
7.2.5  Initial OH concentration 
 
Since electron irradiation of bare TiO2(110) reduces the surface by creating 
additional BBO vacancies, it can be used to explore how the electron-stimulated reactions 
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in thin water films depend on the initial BBO vacancy concentration.  The initial 
hydroxyl concentration can be increased by pre-irradiating the bare TiO2(110) surface 
with electrons above ~ 33 eV which induces BBO vacancies via desorption of O+ by the 
Knotek-Feibelman mechanism [122, 123].  Electron induced BBO vacancies are similar 
to those created by thermal annealing [124]; therefore, the subsequent deposition of water 
reacts with the newly created BBO vacancy site which increases the BB OH 
concentration compared to the annealed TiO2(110) surface [125].  The TPD spectra from 
1 ML coverages of H2O as a function of irradiation time (0 – 400 s) from the A) pre-
irradiated and the B) annealed TiO2 surfaces are shown in Figure 7.6.  Prior to depositing 
H2O, the bare TiO2(110) surface in Figure 7.6(a) was simply annealed; however, the bare 
TiO2(110) surface in Figure 7.6(b) was pre-irradiated with electrons (~1.2x1017 e-/cm2).  
For each experiment, the H2O film was prepared by dosing 0.5 ML of H2O at 400 K to 
insure all oxygen vacancies reacted with H2O prior to depositing the 1 ML H2O film at 
100 K.  The TPD spectra in Figure 7.6(a) and (b) were obtained by irradiating the H2O 
films for 0, 100, 200, and 400 s corresponding to electron fluences of 0, 0.8, 1.6, and 
3.2x1016 e-/cm2, respectively.  The irradiated water was removed by heating to 400 K, 
and a 1 ML H2O film was re-dosed.  The TPD spectra of the re-dosed H2O films are 
plotted in Figure 7.6(a) and (b).  When the water films were not irradiated, the ML peak 
position from the pre-irradiated TiO2 surface in Figure 7.6(a) shifted to lower temperature 
relative to the peak position from the annealed surface in Figure 7.6(b) indicated by the 
vertical dashed line.  Additionally when water was not irradiated, the increased surface 


































Figure 7.6  TPD spectra of irradiated 1 ML H2O films from A) a pre-irradiated and B) an 
annealed TiO2(110) surface.  For A), the bare TiO2 was pre-irradiated with 100 eV 
electrons (~1.2x1017 e-/cm2) at 100K, then the surface was hydroxylated (0.5 ML H2O 
dosed at 400K) and 1.0 ML H2O was dosed at 100 K.  The H2O film was irradiated (0, 
100, 200, and 400 s), water was removed by annealing to 400 K, and 1 ML H2O was re-
dosed, which the TPD is shown in the figure.  For B), similar experiment, but without 




TPD spectrum which is significantly larger than the OH recombinative peak from the 
annealed spectrum.  Since the shift in the ML peak to lower temperature occurred without 
irradiating water, it can not be a result of electron dissociated water fragments and must 
be dependent on the BB OH concentration. 
As electron irradiation fluence upon the 1 ML H2O film is increased from 0 to 
400 s, the ML peak shifts to higher temperature.  After 400 s of irradiation, the ML peak 
position from the pre-irradiation surface has not shifted more than that from the annealed 
surface.  In fact, the amount that the ML peak shifted due to 400 s of irradiation from the 
pre-irradiated and annealed surfaces is equivalent.  Although the initial starting 
conditions (hydroxyl concentrations) are different, the rate that the ML peak shifts due to 
irradiating water is constant for both pre-irradiated and annealed surfaces.  This result 
implies that the initiation of the electron-induced oxidation process is independent of 
hydroxyl-H2O complexes where all the water molecules in the monolayer film (Ti+4 
rows) are targets.   
In Figure 7.6, the second ML peak at 200 K increases as a function of irradiation 
time.  This increase seems to be dependent on the surface hydroxyl concentration where 
the second ML peak increases after irradiating water for 400 s on the pre-irradiated 
surface, but only 200 s on the annealed surface.  Since a constant 1 ML (5.2x1014 
molecules/cm2) of H2O is deposited on the surface for each experiment, an increase in the 
second ML peak implies that the first ML peak saturation requires less H2O.  
Accordingly, the amount of H2O deposited in the monolayer is dependent on the 
irradiation time and the initial hydroxyl concentration suggesting that some water 
adsorption sites in the Ti+4 rows are blocked. 
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The results presented so far suggest the following sequence of events when thin 
water films are irradiated:  Energetic electrons excite water molecules adsorbed on the 
Ti+4 rows, which can subsequently desorb or dissociate.  Any water molecule in the Ti+4 
row is a target for electron-stimulated dissociation, but coverages above 1 ML suppress 
the electron-stimulated oxidation of the substrate (Figure 7.4).  The dominant channel for 
dissociation leads to desorption of a hydrogen atom (Figure 7.1) leaving a hydroxyl on 
the Ti+4 row, OHTi, that can react with OHBB to form water adsorbed on the Ti+4 row and 
heal an oxygen vacancy associated with the two OHBB (inset of Figure 7.2 and Figure 
7.5(a)): 
2OHTi + 2OHBB + BBOV → 2H2OTi + BBO (5.3) 
Note that this reaction should be energetically favorable since the reverse reaction 
corresponds to the dissociative adsorption of water at a regular (i.e. non-defect) Ti+4 site, 
which is not observed experimentally.  Once the BBO vacancies are healed, reaction 
products begin to accumulate in the Ti+4 rows, blocking sites there and causing a decrease 
in the ML peak intensity (Figure 7.5(a)) and an increase in the 2nd ML peak (Figure 
7.5(b)).  The fluence at which the BBO vacancies are healed and the 2nd ML peak begins 
to increase depends on the initial BBO concentration (i.e. BB OH concentration after 
water deposition, Figure 7.6).  Heating the surface above ~ 600 K regenerates BBO 






7.2.6  O2 ESD at high electron fluences 
 
When the H2O monolayer covered TiO2 (110) surface was initially irradiated at 
low fluence with 100 eV electrons, the ESD yield of O2 was essentially zero as shown in 
Figure 7.1.  However at higher electron fluences, the yield of O2 is non-zero suggesting 
that production of O2 is a multi-step process.  This is expected since the electron 
stimulated production of molecular oxygen from water ice is precursor mediated [13, 
117, 126].  The O2 ESD yields from a 1.5 ML film of H2O from TiO2(110) surfaces 
prepared with varying concentrations of BB OH’s produced from electron induced BBO 
vacancies are plotted in Figure 7.7.  The amount of irradiation in seconds used to create 
BBO vacancies on the bare surface is denoted by N where the O2 ESD yield from the 
annealed surface is labeled N = 0.  The O2 yield from the annealed TiO2 surface has an 
appearance threshold at ~ 140 s increasing at a constant rate until the electron irradiation 
is terminated at 480 s.  When the annealed TiO2 (110) surface is pre-irradiated with 100 
eV electrons, the appearance threshold for the ESD O2 yield shifts to higher irradiation 
times as a function of the pre-irradiation electron dose.  However, the rate of O2 
production remains constant.  As mentioned previously, the pre-irradiation electron dose 
on the bare surface increases the BBO vacancy defects.  Subsequently, this increases the 
surface hydroxyl concentration upon reaction with H2O.  In this experiment, the threshold 
of the O2 ESD yield as a function of electron fluence is dependent on the initial hydroxyl 








































Figure 7.7  O2 ESD yields from a 1.5 ML H2O film on TiO2(110) at 100 K vs 100 eV 
electron irradiation time for three initial surface conditions.  The bare surface was pre-
irradiated with N = 0 (annealed), 500, and 1000 where irradiation of the bare surface 
increases the BB OH concentration after reacting with H2O.  Procedure for taking data is 
described in text.  Irradiation without the 1.5 ML H2O film (No H2O) was performed for 




hydroxyls.  Under the experimental parameters in Figure 7.7, the higher the surface 
hydroxyl concentration, the more delayed in time is the O2 ESD threshold and the lower 
the O2 ESD yield after 500 s of irradiation.  These experiments indicate that hydroxyl 
groups inhibit O2 ESD by reacting with the O2 precursors.  Only after titration of the BB 
OH groups does O2 significantly desorb.   
The O2 ESD yield is a function of the precursor concentration on the surface and 
illustrates their creation and build up until a steady state is reached.  A similar trend can 
be found in the second ML peak integral (170 - 235 K) versus electron fluence.  Figure 
7.8 depicts the relationship between the O2 ESD yield from the annealed TiO2(110) 
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surface and the integral of the second ML peak (similar to data plotted in Figure 7.5(b)) 
as a function of electron fluence.  In Figure 7.8, the O2 ESD yield and the second ML 
integrals were measured during 7 cycles of 100 s electron irradiation periods. A 1 ML 
































Figure 7.8  The O2 ESD yields from 1 ML of H2O adsorbed on an annealed TiO2(110) 
surface (gray) compared to the second ML peak integral of the post-irradiation 1 ML H2O 
TPD spectra (170 – 235 K, ) as a function of irradiation time.  The figure compares the 
trends in H2O adsorption site blocking of the first ML with the electron stimulated 
production of O2.  Details of the comparison and the experimental procedure are 




100 s (0.8x1016 e-/cm2) where the O2 ESD signal was monitored.  After the electron dose, 
the irradiated water was desorbed up to 400 K, a new 1 ML H2O film was re-deposited, 
followed by measurement of the amount water in the second ML peak by TPD to 400 K.  
These cycles were continued until the total irradiation time reached 700 s (5.6x1016 e-
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/cm2).  The resultant data in Figure 7.8 is the accumulation of the TPD and ESD 
measurements in each cycle.  Since we are depositing a constant amount of H2O onto the 
surface during each cycle, the integral of the second ML peak is indicative of the 
blocking of sites in the Ti+4 rows (ML TPD state) by species produced during irradiation.   
 
7.3  Discussion 
 
On the basis of the results presented above in Figure 7.2 and 7.3(a), we have 
demonstrated that an irradiated monolayer of H2O on the TiO2(110) surface with BBO 
hydroxyls has similar affects on the TPD spectra of a re-deposited H2O film as pre-dosing 
O2.  These changes induced by molecular O2 on the H2O TPD spectra comprise of a shift 
in the ML peak to higher temperature and a decrease in the OH recombinative peak.  
Observations of the altered features are only present when molecular O2 reacts with 
intrinsic surface defects such as BBO vacancy sites or BBO hydroxyls as previously 
reported [98, 113].  When a 1 ML film of H2O is co-deposited with O2, the species 
produced from the O2 reaction with the defect sites (O adatoms) interact with the 
neighboring H2O molecules and subsequently affect the H2O TPD spectrum [98, 113].  
This is an interesting observation prompting molecular dynamics and density functional 
theory calculations for the production feasibility and the stability of the intermediate 
oxygenated species [127, 128].  Recently, similar experiments on the Pt(111) surface 
were performed to gain an understanding of how O adatoms from dissociated O2 as well 
as H adatoms from H2 interact with coadsorbed H2O on the well characterized metal 
surface [104].  In the presence of O adatoms produced by predosing the Pt(111) surface 
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with O2, a new water TPD state was observed from the O adatom interaction with water.  
The new desorption state was separated by approximately 40 K from the undisturbed ML 
water TPD peak position.  For H2O coadsorbed with H adatoms, the resultant ML water 
TPD peak does not shift to higher temperature due to the presence of H adatoms, but a 
new TPD state evolves at a higher temperature separated by a well defined isosbestic 
point.  In both instances, the O and H adatoms did not induce a shift in the ML H2O TPD 
peak but initiated a new TPD feature at higher temperatures.  These new TPD peaks 
arising from atomic O and H interactions with H2O were also shown to be created when a 
thin film of H2O was irradiated with 100 eV electrons.  Thus, the electron stimulated 
dissociation of thin films of H2O on the Pt(111) and the TiO2(110) surface compare 
reasonably well with O2 pre-deposition experiments.  However, the fundamental 
interactions of the water film with the resultant dissociated H2O fragments on the Pt(111) 
and TiO2 (110) surfaces are quite different.   
 
7.3.1  Electron-initiated oxidation 
 
The induction period prior to the onset of O2 ESD (Figures 7.7 and 7.8) suggests 
that more than one reaction step is involved in the production of O2 (unlike the H atoms, 
which are produced from the water in a single non-thermal reaction, see Figure 7.1).  The 
electron-stimulated production of O2 in thicker water films is known to be a multi-step 
process that involves the creation of stable precursors [13, 117, 126].  In that case, O2 
probably results from a series of reactions involving OH to form H2O2 and HO2 [117, 
126, 129].  Irradiation of thin water films on TiO2(110) results in the production of OH’s 
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in the Ti4+ rows, OHTi. Thus it is reasonable to suppose that reactions among the OHTi’s 
could also lead to H2O2 and possibly HO2.  
2OHTi → (H2O2)Ti (5.4) 
OHTi + (H2O2)Ti →  H2O + (HO2)Ti (5.5) 
In support of this hypothesis, recent DFT calculations suggest that pairs of OH’s will 
react to form H2O2 which is bound to Ti+4  sites and hydrogen bonded to BBO’s [130]. 
However, some form of spectroscopic measurements of the electron-stimulated reaction 
products on the surface are needed to confirm this hypothesis. 
The observation that the fluence threshold for O2 ESD is larger for surfaces when 
the initial vacancy concentration is higher (Figure 7.7) supports the idea that O2 results 
from a series of reactions starting with the production of OH’s.  Since the initially 
produced OHTi’s react with the BB OH’s to reform water, it is only after all the BB OH’s 
have been eliminated that OH’s begin to significantly accumulate in the Ti+4 rows.  Thus 
a surface with a higher initial vacancy concentration will need a larger electron fluence to 
eliminate the BB OH’s.  Once the BB OH’s are gone, each surface is in essentially the 
same condition independent of the initial vacancy concentration and the rates of OH 
production, and subsequent reactions to produce O2 are similar (if the same amount of 
water is also present).  As the OHTi concentration increases they can react to produce 
H2O2 and/or HO2 as suggested in equation 5.4 and 5.5.  Once H2O2 and/or HO2 are 
formed, O2 can then be produced from them directly by another energetic electron [13, 
117] or further reactions such as: 
HO2 + OH → O2 + H2O (5.6) 
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The surface oxidation dependence on the irradiated water coverage shown in 
Figure 7.4 is interesting because it illustrates how the surface oxidation process can be 
optimized or suppressed due to the amount of H2O adsorbed on the BBO sites.  These 
observations suggest that irradiation induced oxidation of the TiO2(110) surface is 
optimal when the full monolayer of H2O is irradiated.  Since the BBO hydroxyl 
concentration is constant for all data points in Figure 7.4, the results further support the 
conclusion that each water molecule in the Ti+4 rows is a potential target for dissociation.  
Furthermore if the entire H2O monolayer is needed to induce the most oxidation, the H2O 
target molecule must be near the BBO hydroxyl prior to dissociation and the mobility or 
diffusion of the OHTi species along the Ti+4 row is negligible.  When H2O is added to the 
BBO sites (the 2nd monolayer) of the irradiated film, the added water must interact with 
the BBO hydroxyls to inhibit the surface oxidative reactions.  Additionally, the oxidation 
process can be compensated by electron induced reduction of the surface originating from 
the irradiated H2O on the BBO sites that creates BB OH’s.  The inhibition of the 
TiO2(110) surface oxidation by addition of the 2nd ML of the irradiated water film could 
include a direct reaction with the reactive OHTi and the H2O on the BBO sites or 
stabilization/protection of the BB OH’s through hydrogen bonding with H2O on the BBO 
sites.  Initial experiments suggest the lower probability of excitation localization on H2O 
in the Ti+4 sites in the presence of H2O adsorbed on the BBO sites.  This particular issue 
will be addressed in more detail in Chapter 8. 
For many of the proposed photocatalytic applications of TiO2(110), the initial 
excitations occur in the substrate with energy subsequently being transferred to 
adsorbates to drive the desired chemistry.  The results presented here for the electron-
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stimulated reactions in adsorbed water do not directly address the nature of the electronic 
excitations which initiate the non-thermal chemistry.  However, we believe that neutral 
electronic excitations of the water molecules (generated by a direct electron-impact 
excitation, electron detachment from a transient H2O-, or by ionization of water 
molecules followed by electron-ion recombination) are primarily responsible for the 
observed non-thermal chemistry.   
Independent of the precise excitation pathway, the ESD results presented in 
Figure 7.1 indicate that, upon irradiation, excited water molecules can promptly 
dissociate resulting in desorption of both H and H2.  In the gas phase, most of the lowest 
energy, electronically excited states of neutral water molecules are dissociative [131, 
132].  For example, the first electronically excited state is purely dissociative along the 
H-OH bond [133, 134].  Irradiation of amorphous solid water (ASW) and crystalline ice 
(CI) with energetic electrons also results in H and H2 ESD. Therefore, it is not surprising 
that electronically excited water molecules adsorbed on the TiO2(110) surface also 
dissociate leading to desorption of atomic and molecular hydrogen.  In particular for the 
first monolayer, water apparently binds to the Ti+4 ions through the oxygen lone electron 
pairs with the hydrogen atoms pointing away from the surface [135].  This geometry 
should be well-suited for desorption of one (or both) of the hydrogen atoms.  Since 
desorption of a (light) H atom will not give a large impulse to the OH fragment, we 
should expect the OH to remain bound to the Ti site, as the results presented here 
indicate. Once the initial OH’s are formed on Ti+4 rows, the subsequent chemistry is 
remarkably similar to that observed when water and oxygen are co-deposited on 
TiO2(110) since that chemistry also proceeds through the formation of OH’s. 
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7.4  Conclusions 
 
 We have investigated the electron-stimulated oxidation of the TiO2 (110) surface 
by irradiating an adsorbed monolayer of H2O with 100 eV electrons.  Utilizing the TPD 
spectra of H2O as a quantitative tool for monitoring the oxidative state of the surface, the 
irradiation of water films (θ < 3 ML) produced similar affects on the H2O TPD spectra as 
depositing molecular O2 prior to H2O.  Initially, electron-irradiation results primarily in 
desorption of H and H2O, along with some H2.  After prolonged irradiation, O2 ESD also 
becomes significant.  Desorption of atomic hydrogen from water bound to the Ti+4 sites 
leaves OH’s which oxidize the surface and are responsible for most of the subsequent 
chemistry.  Each H2O molecule adsorbed in the Ti+4 rows seems to be a target for the 
incoming electron, thus initiating the oxidation of the TiO2 surface.  However, water 





ELECTRON–STIMULATED SPUTTERING OF THIN FILMS OF WATER ON 




8.1  Introduction 
 
The results presented in Chapter 7 pertained to the electron-stimulated production 
of reactive species that react directly with the TiO2(110) surface.  This chapter describes 
the electron-stimulated removal of water while the surface oxidation reaction is taking 
place.  A review of the sputtering of water ice by a range of energetic particles at variable 
irradiation temperature and ice film growth temperature has been published [136].  
Electron-stimulated sputtering of thin ASW films (~50 ML) has been performed on the 
Pt(111) surface [137].  In this case, the reactions at both the water/vacuum and the 
water/Pt interface govern much of the removal of water which was observed by the 
strong dependence of the sputtering yield on the water film thickness.  At ~2 ML water 
coverages on the Pt(111) surface, the water is too thin for energy deposition into the 
water bulk.  Therefore, reactions at the water/Pt interface were minimized, but sputtering 
was mediated by electron trapping preferentially at the water/vacuum interface [104]. 
Below, the total amount of water sputtered from the surface is measured by 
integration of TPD spectra before and after electron irradiation.  These results are 
compared with the ESD measurements which accounts only for the non-dissociative 
water desorption.  Possible mechanisms are suggested that take into consideration the 
dependency of the sputtering and ESD yields on the water coverage (θ < 2 ML).  The 
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ESD yields of molecular hydrogen as a function of coverage are also described and 
related to the proposed mechanisms.   
 
8.2  Results 
 
8.2.1  Sputtering of H2O 
 
Inelastic electron interactions with adsorbed water induce a variety of non-thermal 
reactions that result in desorption of molecular water and dissociated fragment neutrals 
and ions.  The total removal of water or sputtering includes molecular desorption and all 
of the dissociative desorption channels.  When irradiating a 2 ML film of water on the 
TiO2(110) surface with 100 eV electrons, there is a surprising difference in the sputtering 
rates of H2O from the Ti+4 and BBO adsorption sites.  Figure 8.1 shows the H2O TPD 
spectra as a function of irradiation time (0 – 600 s).  The amount of H2O removed from 
the BBO peak at 200 K occurs at a greater rate (requiring less electrons) compared to the 
H2O removed from the Ti+4 peak at 290 K.  For experiments in this figure, the 2 ML H2O 
film was deposited and irradiated at 100 K, where a second of irradiation corresponds to 
1.1x1013 e-/cm2 and the total electron fluence at 600 s equals 6.5x1015 e-/cm2.  The inset 
of Figure 8.1, depicts the integrated amount of the H2O in the Ti+4 and BBO peaks versus 
increasing electron irradiation time.  It is clear that the rate of H2O sputtering is not only 
different between the two adsorption sites, but H2O is exponentially removed from the 




























Electron Fluence (e-/cm2 x1015)



























Figure 8.1  TPD spectra of a 2 ML film as a function of irradiation time with 100 eV 
electrons.  The first ML (Ti+4; 5.2x1014 molecules/cm2) and second ML (BBO) are 
labeled.  The inset depicts the integrated amount of H2O in each peak versus irradiation 
time.  (600 s = 6.5x1015 e-/cm2) 
 
 
50 s of irradiation, ~0.03 H2O mol/e- is sputtered from the Ti+4 rows compared to ~0.43 
H2O mol/e- from the BBO sites.  During the first irradiation period of 50 s, the difference 
is more than an order of magnitude.  Under similar conditions (irradiation of a 100 K 
H2O film with 87 eV electrons) a constant sputtering rate of ~1.7 H2O molecules/e- was 
measured [137].  However, this measurement was taken from the multilayer (23.4 ML) 
on Pt(111) where a maximum in the sputtering rate was observed and attributed to 
dissociative losses via a maximum in D2 and O2 production at the D2O/Pt interface [103, 
137, 138].   
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8.2.2  ESD of H2O 
 
During electron irradiation, sputtered H2O can possibly re-adsorb on the surface.  
Since the binding energy of H2O with Ti+4 sites is higher than with the BBO sites, the 
post sputtered H2O can preferentially re-adsorb to the Ti+4 sites.  This would increase the 
amount of H2O desorbing in the BBO TPD peak, and be a source of error for the 
sputtering rate from both adsorption sites.  To eliminate this possibility, the molecular 
H2O ESD yield can be monitored during electron irradiation.  The ESD yield of neutral 
molecular water is the primary pathway for H2O removal from the surface for less than 2 
ML [137] and should reflect the dissimilarity between H2O desorbing from the Ti+4 and 
the BBO sites.  Figure 8.2 depicts the integrated ESD yield of molecular D2O as a 
function of the D2O coverage.  For this experiment, the electron fluence was held 
constant while the D2O films were deposited and irradiated at 100 K.  Deuterated water 
was employed to eliminate contributions from background H2O during detection of the 
water ESD yield.  There is a constant rate of D2O desorption as the D2O coverage is 
increased to 1 ML or until the Ti+4 sites are saturated with D2O.  However, as D2O is 
added to the second ML (BBO sites), the integrated ESD yield of D2O abruptly increases 
and continues at a higher rate.  The rate of desorption after H2O has been added to the 
second ML (kTi+4), is approximately three times the rate for submonolayer coverages 
(kBBO).  In the case for H2O ESD from the BBO sites, there is no exponential trend in the 
desorption yield; however this only includes the non-dissociative molecular ESD 
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Figure 8.2  Integrated D2O ESD yield during a constant electron fluence versus D2O 
coverage in monolayers.   
 
 
To develop an understanding of the electron-stimulated sputtering process from 
each surface site and the multilayer, the D2O ESD yields were measured from 1 – 4 ML 
of coverage as a function of incident electron energy.  The results are shown in Figure 
8.3.  The data was obtained by irradiating 1 ML (Ti+4), 2 ML (Ti+4 + BBO), 3 ML, and 4 
ML D2O films at 100 K with electrons of the specified energy at a low constant fluence.  
The low electron fluence limited the total sputtering of the film during the experiment.  
At 100 eV, the ESD yield of D2O from the Ti+4 + BBO sites is ~6.9 times more than the 
D2O ESD yield from the Ti+4 sites.  The increase in yields at 100 eV is followed by ~1.5 
times more from the 3 ML film than the Ti+4 + BBO sites and ~0.11 times more from the  
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Figure 8.3  The D2O ESD yields of 1 ML (Ti+4, ), 2 ML (Ti+4 + BBO, ), 3 ML ( ), 
4 ML ( ) of D2O at 100 K versus the incident electron energy.  The inset is a zoomed 
depiction of the low energy threshold region where the ESD yields have been normalized 
to the 4 ML data at 100 eV. 
 
 
4 ML film than from the 3 ML film.  It is evident from the figure that there is a 
significant variance in the water ESD yields from the Ti+4 sites compared to desorption 
from the Ti+4 + BBO sites.  As the multilayer forms, the difference in the D2O ESD 
yields is not as sizable.  The yield of D2O desorbing from the BBO sites remains higher 
than that from the Ti+4 sites and is invariant to incident electron energy.  However, the 
threshold for ESD of D2O from each film is ~10 eV which is depicted in the inset of 
Figure 8.3.  For comparison of the threshold energies, the y-axis has been multiplied by a 
factor of 10 and the yields were normalized to the 4 ML data at 100 eV.  The identical 
threshold energy for the D2O films indicates that the electron-stimulated desorption of 
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neutral molecular water from the films in Figure 8.3 proceeds through a similar process, 
but the efficiency of the process is dependent on D2O coverage.   
 
8.3  Discussion 
 
From the data presented in Figures 8.1, 8.2, and 8.3, there is a marked difference 
in the desorption and sputtering rates of water from the Ti+4 and the BBO sites on the 
TiO2(110) surface.  If the water sputtering were due to direct excitation of the adsorbed 
water, the rates would correlate with the number of targets or amount of adsorbed water.  
This would suggest that the amount of water removed from the 2 ML film (Ti+4 + BBO 
sites) would be twice more than the 1 ML film (Ti+4) which is not the case.  The 
sputtering process is not simply dependent on the amount of adsorbed water on the 
surface, but varies according to the water interactions with neighboring water molecules 
and the TiO2 substrate.  These interactions include affects on H2O/TiO2 electronic 
structure, hydrogen bonding, and the electron trapping probability as the H2O coverage is 
increased.  To understand the sputtering process of water on the TiO2(110) surface, these 
interactions must be considered. 
Besides direct excitations stimulating water desorption, ionization of the water 
molecules followed by electron-ion recombination can induce desorption [137].  For the 
case of thin films of H2O (θ  < 2 ML) on the Pt(111) surface, the electron trapping 
probability was low, but the electrons localized at the water/vacuum interface leading 
mostly to the direct desorption of molecular water upon the electron-ion recombination 
event [104].  The trapping probability of electrons at the water/vacuum interface of water 
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adsorbed on the TiO2(110) surface could render insights into the difference in sputtering 
rates.  Recently, wet electron or partially solvated electron states have been observed in 
thin films of water adsorbed on the TiO2(110) surface using time-resolved two-photon 
photoemission spectroscopy [100, 139].  These studies were performed on a partially 
reduced TiO2(110) surface where an occupied electron level is introduced within the band 
gap ~0.8 eV below the Fermi level due to missing BBO’s [93].  Upon adsorption of H2O, 
the defect level persists [99].  From the occupied defect band, electrons were pumped 
with 3.1 eV photons then probed as the electron solvates in the wet electron state at 2.4 ± 
0.1 eV above the Fermi level then decays into the conduction band of the TiO2 [100].  In 
Ref. [100], the authors observe a maximum in the wet electron state intensity when a ML 
coverage of water is adsorbed on the surface.  The precise amount of water on the surface 
present during this experiment may not be known within submonolayer certainty.  
However to observe the wet electron states, water formed a complex with the BB OH 
group.  To effectively complex all the surface hydroxyls, a monolayer of water or greater 
must be present.  The observation of wet electron states on the TiO2(110) surface reveals 
insight into ion-electron recombination mechanism that could be associated with the data 
in Figures 8.1, 8.2, and 8.3.  First, wet electron or partially solvated electron states are 
present and the probability of electron trapping increases from the submonolayer to the 
bilayer coverage.  Secondly, the threshold for D2O ESD in the inset of Figure 8.3 is ~10 
eV which is roughly the ionization potential of water.   
Another possible mechanism that could produce similar results as in Figures 8.1, 
8.2, and 8.3 is the thermal energy transfer from electron-hole (e-h) pair recombination 
events in the near surface region of the substrate.  The band gap of rutile TiO2 is 3.05 eV 
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[86].  If the band gap energy is dissipated in the first few layers of the substrate as lattice 
vibrations (phonons) or heat, the adsorbed water on the surface can desorb from either the 
Ti+4 or the BBO sites.  The binding energy of water to the Ti+4 and the BBO site is 0.74 
eV and 0.64 eV, respectively [106].  If water desorbs through this mechanism, the e-h 
recombination probability in the near surface region would govern the ESD desorption 
yield of water.  In fact as water adsorbs to the TiO2 surface, the e-h recombination 
probability increases.  This phenomenon is a direct result of the lowering of the valence 
and conduction band bending due to water adsorption and has been demonstrated on TiO2 
nanoparticles [140] and on the InP(110) surface [141].  The changes in the band bending 
were monitored with photoluminescence and angle-resolved photoelectron spectroscopy, 
respectively.  At the TiO2(110) surface, a depletion layer is formed where the valence and 
conduction bands bend upward in energy.  As H2O adsorbs to the surface, an increase in 
the luminescence intensity is observed which is a direct measurement of the e-h 
recombination events [140].  The enhancement in e-h recombinations is due to a decrease 
in the amount of upward band bending which signifies a lowering in the barrier height 
and width for the electron in the conduction band to return to the valence band [88].  
Thus, the e-h recombination probability increases as that amount of water adsorbed on 
the TiO2 surface increases which correlates with the data in Figures 8.1, 8.2, and 8.3.  The 
onset of the H2O ESD threshold at ~10 eV does not agree with the onset of e-h 
recombination which would be the band gap of the TiO2 crystal at 3.05 eV; however, the 
threshold for e-h processes stimulated by an electron beam usually occurs ~2.5 times the 
band gap energy [142].  Ref. [142] refers to e-h recombination in alkali-halide crystals, 
but processes induced by radiation at low fluences should render a similar multiplicative 
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value of ~2.5 for metal oxides.  This places contributions from e-h recombination events 
to the H2O ESD yield close to the 10 eV threshold value for H2O desorption.   
 
8.3.1  ESD of D2
 
Along with molecular water, the electron-stimulated desorption of molecular 
deuterium was monitored as a function of incident electron energy from first and second 
monolayer coverages of water.  The results of this experiment are shown in Figure 8.4.  
Here, the rate of D2 desorption is constant from both film coverages as incident electron 
energy increases, and similar to the water ESD yields of Figure 8.2.  In this case, the rate 
from the 2 ML (Ti+4 + BBO) is approximately 3 times the rate of D2 desorption from the 
monolayer (Ti+4).  The data in Figure 8.4 suggests that there is a similar water coverage 
dependence affecting the production and desorption of D2 as for ESD of molecular water.  
The formation of molecular D2 proceeds through a dissociative attachment resonance 
(DEA) or a multiple collision process (e.g., reactive scattering or ion-electron 
recombination) [43, 116].  From electron irradiation of ASW, molecular D2 is produced 
from the 2BB2 core-excited negative ion resonance state at ~12.5 eV with another broad 
feature that begins near 20 eV [43].  The low energy resonance peak at 12.5 eV is not 
observed in the data of Figure 8.4, but the onset of the higher energy structure is present.  
The similarity of the ESD yields of D2 with D2O could indicate that DEA resonances are 
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Figure 8.4  D2 ESD yield as a function of incident electron energy from the monolayer 




negative ion, H2O-, via electron autodetachment could result in neutral D2O desorption 
contributing to the total water sputtering yield.  The desorption of D2 from D2O+ 
recombination with quasi-free or trapped electrons has been reported [116].  If molecular 
hydrogen is produced via this mechanism for the case presented above, electron-
stimulated sputtering of water from the TiO2(110) surface would primarily be due to ion 
electron recombination with possible contributions from substrate e-h recombination 





8.4  Conclusion 
 
The electron-stimulated desorption and sputtering yields of water from the 
TiO2(110) surface have been measured as a function of water coverage.  Surprisingly, the 
amount of water removal within the first irradiation period from the BBO adsorption sites 
is an order of magnitude more than that from the Ti+4 sites.  This suggests that the amount 
of water on the surface (θ < 2 ML) dictates the water sputtering rates.  To explain the 
effects in the sputtering rates, the coverage dependency must be considered.  The 
recombination of ionized water with wet or partially solvated electron states was 
suggested to be the primary mechanism along with contributions from recombination of 
substrate electron-hole pairs at the surface or in the near surface region.  Both 
mechanisms are correlated with the amount of water present on the surface.  In addition, 








A quantitative model of nonthermal chemical reactions at surfaces must account 
for the effects of charge and energy transfer between the adsorbed molecules and the 
surface.  For example, it is well known that the most efficient mechanism for neutralizing 
an incident ion or quenching an excited molecule at a short distance from the surface is 
via resonant charge transfer to the substrate.  The probability of charge transfer depends 
on the overlap of the excited state wave functions and the empty states of the surface.  
This overlap integral decays exponentially with increasing distance from the surface 
which is typically on the order of several Å.  In condensed molecular films the coupling 
strength of each individual molecule, the electron target, to the substrate and surrounding 
media dictates how the energy imparted by the incident electron is dissipated.  If 
dissociation occurs, the outcome of the dissociated fragment species is also affected.  In 
addition, the positions and widths of the energy states associated with the adsorbate, 
relative to the substrate Fermi level and conduction band positions, are critical.   
The clear thread through the results presented above is the variation of adsorbate 
coupling strengths with coverage which is evident in the ESD experiments.  The stability 
of the TNI, SiCl4-, decreased upon completion of the second monolayer of SiCl4.  This 
was demonstrated by the increase in the Cl(2P3/2) signal while the Cl- signal declined.  
The electron-stimulated sputtering yield of water from the TiO2(110) is significantly 
dependent on the water coverage as well.  If water removal occurs via ion-electron 
recombination, the sputtering rate is dictated by the electron trapping probability which is 
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influenced by the adsorption geometry and overlapping wave functions with the 
substrate.  In the case of electron-stimulated oxidation of the TiO2(110) surface, the 
excitation of the H2O molecules bound to the Ti+4 sites initiated the oxidation process; 
however, water adsorption to the BBO sites limited the oxidation reaction.  The results 
presented here reveal that the adsorbate interactions with the surrounding media dictate 
the pathway of the chemical reaction toward products whether occurring within non-polar 
adsorbates on a semiconductor surface or polar adsorbates on a metal oxide surface.   
The resonance structure of the nonthermal neutral Cl yields from SiCl4 adsorbed 
on Si(111) clearly demonstrate that negative ion resonances can be selectively excited 
and used to carry out energy selective chemical modification of a surface.  Chemical 
reactions due to low energy electrons may not be the dominate mechanism driving 
plasma chemistry, but reactions specific to the DEA resonance can be selectively induced 
with monoenergetic electron beams.  However, these reactions are dictated by the 
properties of the DEA resonance as well as de-excitation mechanisms which includes:  
the energy width of the resonance, the convolution of multiple resonances, curve 
crossings on the TNI state potential, branching ratios in the product channel, and the 
autodetachment probability.  By selectively exciting a DEA resonance with favorable 
properties, specific surface reactions can be well controlled which have implications for 
film growth, surface patterning and masking, and etching.  Since the mean free path of 
electrons at energies near 10 eV is about 10 Å in Si, reactions induced by low-energy 






Much of the preliminary work that guided experimentation leading to the results 
presented in Chapter 7 and Chapter 8 were recorded during my visit to PNNL.  To obtain 
a complete description of the chemical system, several more focused experiments were 
performed by Nikolay Petrik and Gregory Kimmel.  I would like to acknowledge their 
role in data acquisition and state that the results presented in Chapter 7 and Chapter 8 are 
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